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Summary
The increasing dem and for higher data rates in w ireless communication  
system s has led to the more effective and efficient use o f  all allocated  
frequency bands. In order to use the whole bandwidth at maximum  
efficiency, one needs to have RF power amplifiers with a higher linear 
level and m em ory-less performance. This is considered to be a major 
challenge to circuit designers. In this thesis the linearity and memory are 
studied and exam ined via the behaviour o f  the inter-modulation distortion 
(IMD). A  major source o f  the in-band distortion can be shown to be 
influenced by the out-of-band im pedances presented at either the input or 
the output o f  the device, especially those im pedances terminated the low  
frequency (IF) components. Thus, in order to regulate the in-band 
distortion, the out of-band distortion must be controllable. This has 
necessitated the developm ent o f  an upgraded measurem ent system, where, 
for the first tim e, the IF measurement system  pow er is scaled up and 
extended from approximately 2W  to approximately 100W . This was 
made possible by the design o f  high power IF bias tee and its integration 
with a high pow er IF test-set.
The investigation o f  the influence o f  out of-band distortion, particularly 
that at the low  frequencies, generally referred to as base-band memory 
effects, on in-band distortion in high power LDM O S devices, has been 
made possible by the developm ent o f  this pioneering, high-power 
modulated w aveform  measurement system  since it allow s for the 
observation and control o f  all relevant frequency com ponents (RF, IF and 
DC). This m easurem ent system  is capable o f  handling IF and RF power 
levels in excess o f  100W with bandwidths ranging from approximately 10 
kHz to approximately 12GHz, which makes it particularly appropriate for 
the characterisation o f  devices used in base-station m obile 
comm unications system  applications
These subsequent measurements demonstrate that the bandwidth, over 
which the base-band impedances must be controlled, should be extended  
beyond the generally accepted value o f  tw ice to at least four tim es the 
modulated bandwidth. M oreover, the measurement system  permitted an 
intensive investigation o f  the base-band impedance terminations variations 
on inter-modulation distortion allow ing an optimum to be found that 
m inim ise overall in-band distortion (circuit linearisation technique). 
H ence, indicating that it may be possible to m eet the 3rd Generation 
Partnership Project (3 GPP) standards for the maximum allowable adjacent 
channel leakage ratio (ACLR) in m obile terminals without using any extra 
linearisation techniques such as predistortion. These important 
observations have significant im plications for m odem  PA linearisation 
techniques, as w ell as requiring careful consideration when designing PA  
bias networks.
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CHAPTER 1
Introduction
1.1. Introduction
The evolution o f  3rd generation (3G) and 4th generation (4G) mobile 
comm unication services has generated more concerns about the 
development o f  the required power amplifiers o f  any communication 
system to date. 3G com es under the umbrella o f  the International M obile 
Telecom m unications programme (IM T-2000) w hich em ploys wideband 
code division m ultiple access (W -CDM A), achieving a transmission rate 
o f  2 M bit/s w ith a 5 -M H z frequency bandwidth. The third generation o f  
mobile comm unication system s is designed for applications such as 
Internet services, e-m ail, database retrieval, video telephony, interactive 
video and sound (m usic and TV).
Despite the enhanced features o f  3G system s, they are still severely  
constrained by bandwidth - particularly w hen handling full-m otion video. 
N ew  m obile com m unication services and applications require a higher
1
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data bit rate that dem ands a larger bandwidth. The imperative to support 
these services and applications indicates the existing need for larger 
bandwidth. The 4th generation (4G) communication system  w ill be 
capable o f  providing 100 M bit/s and 1 Gbit/s speeds using channel 
bandwidths o f  1.25 to 23 M Hz and hence offering better quality (e.g. 
multimedia, video and sound).
The radio frequency (RF) power amplifier (PA) in base station system s is 
typically the m ost costly component. The increasing number o f  m obile 
users, combined w ith a growing demand for a higher data rate has driven 
RF designers to try and effectively utilise the entire allocated bandwidth to 
its maximum potential. This would require the designing o f  a linear power 
amplifier capable o f  producing a linear response over a w ide bandwidth. 
Intensive research into the linearity o f  RF pow er am plifier o f  wireless 
communication has becom e a global focus.
The maximum allow able adjacent channel leakage ratio (ACLR) for 
m obile terminals are -33dBc and -43dBc for 5 M H z and 10 MHz 
respectively [1] [2]. Otherwise, distortion into adjacent channels and error 
in detection o f  the desired signal may occur. A  typical value o f  carrier to 
inter-modulation (C/I) ratio for a linear power am plifier is 30 dB or more 
[3] [4]. The main technology for the im plem entation o f  3rd generation 
(3G) cellular system s is wideband code division m ultiple access (W- 
CDM A). Its A C LR  is illustrated in Figure 1. To minimise the 
interference betw een the channels, the slope o f  the w indow  should be 
ideally as sharp as possible, and the inter-modulation distortion (IM D) 
ought to be kept to a minimum level.
2
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OdB
-33 dB
-43 dB
5 MHz
10 MHz
Figure 1.1 Illustration of the maximum ACLR vs. output power allowed by 3GPP.
To meet these challenging standards, RF power am plifier manufacturers 
and circuit designers must com e up with a developm ent approach allowing 
for high linear pow er amplifier behaviour, in order to use the whole 
available bandwidth in an efficient way.
Circuit designers have two main strategies for achieving a higher linear 
level: terminating the D U T to proper impedance through source and/or 
load pull or using one o f  the available linearisation techniques.
Linearisation techniques can be used to achieve a linear PA performance. 
However, PA mem ory effects, which can be defined in case o f  two-tone 
measurement as changes in the amplitude or phase o f  distortion 
components (IM D) caused by changes in modulation frequency (Aco), 
restricts the linearisation improvement capability and makes linearisation 
techniques more difficult to implement [5] [6].
3
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Memory effects in m icrow ave PAs are generally attributable to a number 
o f  physical processes that involve thermal [7], electrical [8] and surface 
effects [9]. Electrical memory, particularly the base-band electrical 
memory effect, is generally considered to be the major contributor. 
Therefore, one obvious way to develop a more complete understanding o f  
memory and its origins is to attempt to eliminate the m ost likely  
contributing factor, base-band electrical memory, and then measure and 
analyse any residual effects which must be due to combination o f  the 
others.
Full investigation o f  electrical memory effect requires a thorough 
examination o f  all impedances presented across the com plete frequency 
spectral (preferably from DC to some n RF harmonic). Unfortunately 
current comm ercial measurement system s do not accommodate low  
frequency impedance due to limitations in the technology utilised, i.e. high 
power couplers, at these frequencies [10] [11] [12].
The difficulty o f  investigating low  frequency electrical m em ory is further 
compounded by the fact that ideally the biasing network should have zero 
impedance over the w hole low  frequency (IF) ranges. Otherwise, AC  
voltages may be generated and added to the power supply voltage, causing 
additional amplitude and/or phase modulation, w hich w ill then result in 
asymmetry in the IM D [3] [8]. In the case o f  5 M H z W -CDM A signals, 
for example, such a bias network needs to be constant and ideally zero for 
at least eight decades o f  bandwidth. In contrast, designing a matching 
network with constant impedance for the RF frequency and its first 5 
harmonics requires only one decade o f  bandwidth. This highlights the 
complexity o f  bias network design.
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It is the significant impact o f  low  frequency impedance on the 
performance o f  high pow er amplifiers that has m otivated this thesis work 
towards developing and building a new measurement system  suitable for 
characterising the performance o f  high power RF power amplifiers that is 
capable o f  both measuring and engineering the low  frequency signal 
component.
The previously developed Cardiff waveform  measurement system  that 
incorporated an IF measurement capability could unfortunately only 
handle power levels o f  around 2W  making it unsuitable for characterising 
high power devices.
The main objective o f  this thesis was to develop and scale up the existing 
Cardiff waveform  measurement system  that included the IF component 
from approximately 2W  to about 100W  with at least 8 decades o f  IF 
bandwidth. Thus making it suitable, for example, for W -C D M A  systems. 
This developm ent has led to realisation o f  a pioneering IF and RF 
waveform measurement system  capable for the first time o f  handling 
power up to 100W. The new  high power IF and RF m easurement system  
is capable o f  fully controlling the input and output impedances at a 
frequency range o f  approximately lOKHz to 12G H z permitting an 
investigation o f  high power amplifier performance, not only appropriate 
for high frequency electrical memory effect but also for low  frequency 
(base-band) electrical memory effect.
5
1.2. Organization of the Thesis
Basic background and theory o f  power amplifier linearity are discussed in 
chapter 2.
Chapter 3 g ives an introduction to the modus operandi o f  the current 
measurement system  (high RF pow er but low IF power). Chapter 3 
provides also an overview  o f  waveform  engineering including source and 
load pull concepts. It includes a comparison between IF passive and 
active load pull using the new  measurement system , follow ed by the 
proposed RF and IF high power measurement system .
Chapter 4 cover the developm ent o f  the high pow er IF test-set which has 
required high pow er components. The main com ponents in the IF 
measurement system  are the directional coupler and the bias tee. The IF 
directional couplers were replaced with com m ercially available directional 
couplers providing the IF test set with a bandwidth o f  lOOKHz-lGHz and 
a maximum pow er o f  100W  CW. Despite substantial efforts it was not 
possible to source a suitable IF bias tee capable o f  handling high DC and 
IF voltage and currents over a large bandwidth. Therefore, it was 
necessary to design suitable IF bias tees on site to complete the 
architecture o f  the IF set. The design, implementation and manufacturing 
process o f  the high pow er IF bias tee are explained in chapter 4, followed  
by testing and validation o f  the w hole system. This has resulted in a new  
high power measurement system  incorporating both RF and IF 
measurement and engineering functionality w ith a groundbreaking 100W  
power handing capability.
This measurement system  is built for the purpose o f  characterising the 
linearity and m emory effects observed in high power RF amplifiers at both 
low  and high frequencies at power levels from 10 to 100W.
6
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Chapter 5 provides an overview  o f  testing, operation and validation o f  the 
whole system. It includes a comparison between IF passive and active 
load pull using the new  measurement system, indicating the im possibility  
o f  using the IF passive load system to load pull very low  frequency 
impedances anywhere around the smith chart. This highlights the 
dominance o f  the active over the passive IF load pull in the base-band 
region.
Detailed investigation o f  base-band memory effect is presented in chapter 
6 using high power LDM OS devices. The results show that the bandwidth 
over which the base-band impedances are to be controlled must be 
extended to at least four tim es the modulated bandwidth. The results also 
highlight the existence o f  optimum IF im pedance terminations that 
m inimise overall in-band distortion.
The conclusion o f  the work is in chapter 7 with suggestions for future 
work.
7
High Power Waveform Measurement System Enabling Characterisation of High Power
Devices Including Memory Effects -A.A Alghanim
1.3. References
1. A.Toskala, H.H.a., WCDMA for UMTS: Radio Access For Third generation
Mobile Communications. 2nd ed. 2002, West Sussex: john Wiley & Sons, Ltd.
2. Leung, V.W., et al., Analysis o f envelope signal injection for improvement of RF
amplifier intermodulation distortion. Solid-State Circuits, IEEE Journal of, 2005. 
40(9): p. 1888.
3. Cripps, S.C., RF Power Amplifiers for Wireless Communication. 2006,
Norwood,MA: Artech house.
4. Frederick H. Raab, P.A., Steve Cripps, Peter B. Kenington, and N.P. Zoya B.
Popovich, John F. Sevic and Nathan O. Sokal, "RF and Microwave Power 
Amplifier and Transmitter Technologies". IEEE Transactions on Microwave 
Theory and Techniques, March 2003. 50(1).
5. Carvalho, J.C.P.a.N.B., Intermodulation Distortion in microwave and Wireless 
Circuits. 2003, Norwood MA: Artech House.
6. Jeonghyeon, C., et al., Optimum design of a predistortion RF power amplifier for 
multicarrier WCDMA applications. IEEE Transactions on Microwave Theory and 
Techniques, 2004. 52(2): p. 655.
7. Vuolevi, J.H.K., T. Rahkonen, and J.P.A. Manninen, Measurement technique for 
characterizing memory effects in RF power amplifiers. Microwave Theory and 
Techniques, IEEE Transactions on, 2001. 49(8): p. 1383-1389.
8. Bosch, W. and G. Gatti, Measurement and simulation o f memory effects in 
predistortion linearizers. Microwave Theory and Techniques, IEEE Transactions 
on, 1989. 37(12): p. 1885-1890.
9. Parker, A.E. and J.G. Rathmell, Bias and frequency dependence of FET 
characteristics. Microwave Theory and Techniques, IEEE Transactions on, 2003. 
51(2): p. 588.
10. Alghanim, A., J. Benedikt, and P. Tasker. A measurement test-set for  
characterisation o f high power LDMOS transistors including memory effects, in 
High Frequency Postgraduate Student Colloquium, 2005.
8
Chapter 1. Introduction
11. Spirito, M., et al., Active harmonic load-pull for on-wafer out-of-band device 
linearity optimization. IEEE Transactions on Microwave Theory and Techniques, 
2006. 54(12): p. 4225.
12. Focus Microwave. Active Load Pull Systems: Strengths-Weaknesses-Alternatives 
[Online] .[cited; Available from: http ://www. focus-
microwaves.com//template.php?unique=232.
9
CHAPTER 2
Background Theory of Power Amplifier
2.1. Linearity
Practically speaking active RF power amplifiers are not linear in their 
operation. I f  the active device is driven hard w ith input RF power, 
undesirable spurious signals collectively known as ‘distortion’ w ill be 
generated. The linearity o f  the device is dependant on how much 
distortion is generated. The two most w idely used m easures o f  linearity 
are 1 dB Com pression point and third order interception point.
2.1.1. ldB Compression Point (PldB)
An increase in input power causes the measured output power to roll o ff  
resulting in a drop in gain known as gain compression: a measure o f  the 
linearity o f  a device. The 1 dB compression point, which is defined as the 
point where the actual fundamental output pow er level is a ld B  less than 
the ideal one, determined from a slope o f  1:1, due to device saturation. An
10
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example o f  the ld B  com pression point is shown in Figure 2.1, where at an 
input power o f  about 18 dBm, the actual output power is 1 dB less than the 
ideal characteristic. A t this point, the correlation o f  1:1 is no longer valid. 
An increase in the input power, however, w ill still increase the RF output 
power even at 7dBm  above the one dB compression point, but at a much 
lower rate and with a much sharply clipped voltage or current waveforms.
40
35<
?
30
CD•aV 253OCL 20
15
10
Ideal characteristic-•*'1 dB compression point
Actual characteris
1:1 slope
Pin(dBm)
Figure 2.1Measured 1 dB compression point of 12W LDMOS amplifier
2.1.2. Third Order Interception Point (IP3)
Third order intercept point (IP3 or TOI) is another figure o f  merit that can be 
used to characterise the linearity o f  RF power amplifiers, particularly before 
compression [1] [2]. The higher the IP3, the lower the distortion, and 
therefore the more linear the power amplifier. The third order intercept point 
based on inter-modulation products can be defined in a similar manner to that o f  
the 1 dB compression point: as the intercept point at which the fundamental
11
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output, slope o f  1:1, and the two-tone third order distortion product, slope o f  
3:1, intersect. This intercept point is purely a mathematical concept, and does 
not correspond to a physical power level. In many cases, the intercept point 
can not actually be reached in practice and lies beyond the damage threshold 
o f  the device.
For every dB increase in input power, the third order products will increase by 
3 dB and therefore, this point is sometimes referred to as a 3:1 slope. The third 
order law says that the inter-modulation product grows to the power o f  
three, in proportion to the input amplitude. H owever, this must be based 
on the assumption that the device is fully described by this particular 
power series. Figure 2.2 below  shows that the third order intercept point is 
about 10 dB above the ld B  compression point, as can be expected [3].
It should be noted that neither the 1:1 nor 3:1 slope are valid for high input 
drive levels and therefore the device cannot be described by only three- 
order terms. Thus, as soon as the fundamental and the third order inter­
modulation distortion signals compress, the extrapolated IP3 will be 
different [1, 4].
12
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W1 - A - W2 3rd order 
intercept poin
IMD3L*-$— IMD3H
3:1
-20
-40
200 10 30 40
Pin(dBm)
Figure 2.2 Illustration of measured third-order intercept for 12W LDMOS amplifier
2.2. Two-Tone Test
A  convenient way to characterise the nonlinearity o f  RF power amplifiers is to 
use a two-tone test [1]. For a two-tone case with an input signal o f  the form:
v.i(f)=Acos(2^/i/) (2.1)
V n ( t ) = Acos(2;r/ 2/) (2.2)
v(f) = V/i + vn = Aicos(<2;i/) + A 2 C o s (^ )  (2.3)
the output current w ould be:
i.(t)= l  a . v ( t )  (2.4)
n=0
■ ao+a^v(t)+ai*v2(t)+....a„»v"(t) (2.5)
13
Chapter 2. Background Theory o f  Power Am plifier
In (2.3) A i and A 2  are the amplitude o f  the input signal and coi and © 2  are 
the fundamental frequencies.
2.3. Linear Amplifier (First-Order Characteristic)
For a perfect linear amplifier, the input-output characteristic in (2.5) would  
have a linear response and can be m odelled as:
i(t) = a^v( t )  (2.6)
where ao,a2,...a» = 0 and a! would be equal to the gain or attenuation o f  the 
system and the output would have the form i(t)=a,*v(t) . Figure 2.3 
illustrates the input output behaviour o f  the linear system  in frequency 
domain.
Amplitude
A
W1 W2
i i i L
------------►
X(t) >
Amplitude
A©
 CD
t  W1 W2
ik ik
-------------- ►
Aco
 CO
Figure 2.3 Frequency spectrum of Input and output signals of linear amplifier.
2.4. Non-linear Amplifier
Applying two signals or more o f  varying frequency to a non linear system will 
produce an output o f  the fundamental coi and co2 , which may be amplified or 
attenuated, as w ell as their harmonics with the unwanted sum and difference 
frequencies. The output frequency com ponents o f  the two-tone input 
signal can be computed using:
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mco\±nco2 where m & n are integers (2.7)
These unwanted signals are called inter-modulation distortion (IMD), although 
harmonics components are not usually included as part o f  the inter-modulation. 
The higher-order terms ai*v2(t)+....cin*v"(t) in (2.5) generate inter-modulation 
products, which appear within the in-band (close to the fundamental tones) 
or out-of-band region (far from the fundamental tones).
2.4.1. Second-Order Characteristic
For a system that exhibits second-order nonlinearity, the transfer characteristic 
would be the one identified in (2.6) with the addition o f  a second term as 
follow:
i(t) = al*v(t) + az»v2(t) (2.8)
The transfer characteristic o f  this form is referred to second-order due to the 
squared term in (2.8). This equation (2.8) is presented graphically in Figure 
2.4. N ote that the second-order terms produce second order products at 
frequencies 2coi, 2 © 2  and ©1+ © 2  (all in the second harmonics band) in 
addition to ©2- © 1  (in the DC & IF band). These com ponents are out-off- 
band terms and not in-band (see Figure 2.4). In general, even-order terms 
generate out-of-band distortion.
15
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Figure 2.4 Two-tone spectrums up to second-order component polynomial transfer characteristic.
2.4.2. Third-Order Characteristic
The transfer characteristic with third-order terms is as follows:
i (V) = a. • v(f) + a2 • v2 (t) + ara • v3 (/) (2.9)
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Third-order terms at frequency 2 coi-(02 and 2 co2-coi are the most interesting 
inter-modulation products since they fall within the channel bandwidth. 
Generally speaking, odd-order terms generate in-band distortion.
Figure 2.5 shows the output signals coi and C0 2 , in addition to the unwanted 
distortion generated by the non-linear behaviour o f  the RF power amplifier up 
to the third-order.
Figure 2.6 and Figure 2.7 show the fourth-order and fifth-order nonlinearity 
respectively.
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Figure 2.5 Two-tone spectrums up to third-order component polynomial transfer characteristic.
17
^999999999999999
Chapter 2. Background Theory o f  Power Am plifier
Out-of-band
InbandAmplitude
W1 W2
IM3HIM3L
ow
CO
3 ^to <  ' to
3  t'o
-  3
^ ^ *2 
t - '3%
k kto 5
OJ to C  to U»
^ 5= 2  5? ^^  2; + to to
k * k^  ^ -
w  to to  w
3 $>-* •—1' to t o
|k  u  to u
* g
+  4* +  
to
Figure 2.6 Two -tone spectrum up to fourth-order component polynomial transfer characteristic.
Out-of-band
InbandAmplitude
W1 W2
IM 3L IM 3H
IM 5H
2  *2 & 2 
>— >_I N> N>C K>
W N) S> W
3 ^ 2 3 3— — + to to
3 ^ 32  to <
4* L» to to OJ 4i-
3 3 3 3 3 3— i— — to to
3 3 3 *;to g  2 ~
4>Wtv)l4 4>
3= 3 3 3  5?
+ + + M 
3 £ 3
Ul A W W 4^  Ui
3 3 3 3 3 3>— *-* h- to to to
+ +  + +<3 to to <|
s  3 3 2
Figure 2.7 Two-tone spectrum up to fifth-order component polynomial transfer characteristic.
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2.5. In-Band Distortion
In-band distortions are those inter-modulation products that fall within or 
close to the channel bandwidth, i.e. close to the fundamental frequencies 
coi and ©2 , and therefore cannot be easily removed. Because o f  their impact 
on the performance o f  RF power amplifiers; these products are o f  most 
interest, especially the third-order components at frequency 2 coi-co2 (IM 31J  
and 2 g>2- coi (IM 3 H), w hich are located close to the required signal. They 
cannot therefore be easily filtered out, and are more important than the 
higher odd-number orders (such as IM 5 , IM y...etc) due to their lower 
amplitudes, particularly at low  input level. In-band distortion frequencies 
are present w hen [ 1 ]:
To find the in-band third order components o f  the tw o tone inputs, coi and 
©2 , M±|n| and m + n must equal to 3 and 1 respectively, w hich w ill result
3 3
for example, in amplitude at frequencies o f  2 coi-a>2 and 2 co2 -coi o f  —a3A .
For the in-band fifth-order components |m|±|n| = 5 and m + n = l w ill produce
higher in-band order components.
2.6. Out-of-Band Distortion
Unlike in-band products, out-of-band products are remote from the 
fundamental signals and therefore they can be easily filtered [1]. The 
fifth-order out-of-band spectra consists o f  five frequency bands, namely
Devices Including Memory Effects -A. A Alghanim
m+n=l (2 .10)
4
frequencies 3 coi-2 g)2 and 3 co2-2 coi o f  am plitudes— a A5, and so on for the
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the base-band (DC and IF band) as well as four harmonics bands (falling  
to the right o f  the in-band region) as can be seen in Figure 2.7. Because o f  
their distance from the fundamental signals, out of-band components are 
usually utilised in the control o f  in-band distortion, w hich occurs in close  
proximity to the requisite fundamental signal and is consequently quite 
difficult to directly filter without compromising the desired signal. 
Therefore, out-of-band distortion components are considered to be a very 
important factor in terms o f  their effects on the behaviour o f  in-band 
distortion [5] [6 ] [7] [8 ].
Out of-band distortion frequencies are present when [ 1 ]:
m + n ^ l (2.11)
The IF band (including DC) consists o f  the base-band components caused 
by those com ponents o f  an even-number order such as second-order cc>2- coj 
(IFi); fourth-order 2co2-2coi (IF2 ); sixth-order s 3 co2 - 3 ooi (IF3) and so forth, 
together with the harmonic bands generated by second-and higher-order 
components. Exam ples o f  this are the second-order products 2coi, 2co2 and 
©1+CD2 in the second harmonic zone; the third order com ponents 3coi, 3 cc>2 ,
2 g>i+co2 and 2co2+coi in the third harmonic zone and so on. Figure 2.7
illustrates a typical spectrum up to fifth-order nonlinearity.
To expand (2.5) to include all the distortion products up to the fifth order 
requires inserting equation (2.3) into (2.5) for A i= A 2  to the fifth degree 
w ill yield an output signal:
i o ( t )  =  a o  +  a { A i  cos(<2>i/) + A2c o s (^ )]  
+a2[ Ai cos [ c o i t )  + A2 cos (tf^)]2
+<2 3[ Ai cos (o)it) + Az cos (coit)]3 (2.12)
4[Ai COS (cDit)  + Az COS ( o ) i t ) ] 4 
+a5[ A  cos + Az cos ( a i t )]5
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Equation (2 .12) could result in a negative frequency but only positive  
value are considered. U sing the well-known trigonometric functions 
yields the fo llow in g  results:
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The advantage o f  the two-tone test is its ability to vary the envelope maximum  
o f  the input signal in order to test the device over its whole transfer 
characteristic range. It is therefore a suitable tool with which the effect o f  the 
base-band impedance on linearity and memory effect can be studied.
2.7. Memory Effects in RF Power Amplifier
RF power amplifier devices can be classified into two systems, namely 
m em ory-less system s and system s with memory. The nonlinearity input- 
output relation o f  m em ory-less system s can be described using Taylor 
expansion as:
i ( t )= Z a .*v ’ ( 0  (2.13)
n= 0
= «„ + « .• v(t) + ai • v \ t ) +....a. • v"(0 (2.14)
Where ao,a\,a i,...an are real valued nonlinearity coefficients and n is the 
maximum order o f  nonlinearity. Coefficient a Q is the DC offset, a j is the 
linear component, ci2  is  the nonlinearity second order, a n is the nonlinearity 
nth order.
For a linear system , the input-output characteristic in (1.14) is modelled  
a s /(o = ai • vco , where ao,a2,...an = o and ai w ould be equal to the gain o f  the 
system. Interference in this case relates to only A M -A M  behaviour.
For a non-linear system  with memory the input-output relation can be 
described as:
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n
i(t )= X
n= 0
(2 .15)
= do + a\ • v(t) + ai • v2 ( 0  + ....an • v"(t ) (2.16)
Where a0,a \,a 2 ,...an can be com plex valued nonlinearity coefficients [9].
For a linear system  with memory, the input-output characteristic in (2.16) 
is modelled a s / ( 0  = di •  V(o, where a0,a i,...a n = o and a\ would be equal to the 
gain o f  the system.
Interference betw een signals may again cause distortion, which can 
pervade the bandwidth allocated for the information (desired) signal. 
However, in this case distortion relates to both A M -A M  and AM -PM  
behaviour and the distortion w ill dependent o f  the tone separation 
frequency. Based on the behaviour o f  the distortion, devices can be 
classified into m em ory-less devices or devices with mem ory.
2.8. Memory-Less Devices
In a practical environment, devices in their natural state are not linear; 
therefore, they w ould produce som e distortion at their output as a response 
to the applied input signal. It is noteworthy that distortion itself is not a 
memory effect. Nevertheless, a device would be described as memory- 
less provided that its distortion behaviour exhibits a constant phase and 
magnitude at different tone-spacing [10]. This could happen i f  the output 
signal was only a function o f  the instantaneous input signal. Figure 2.8 
shows the IM 3 behaviour, and includes the tw o output tones (coi and CO2 ), 
which are clearly observed to be almost independent o f  the tone spacing 
frequency ranging between 2M Hz and 10M Hz at a single input drive level
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and are, as required, symmetrical about the carrier frequency. This 
symmetry and a lack o f  any variation with tone separation frequency is a 
clear indication o f  the absence o f  memory effect in an environment where 
the fundamental and harmonic components were terminated to 10 Cl and 
IF components were terminated to 50 Cl.
40
30c»
Eco
2 . 20
3 O £L
10
n
-e-
W1 - e -  W2
—   Q  '...."""B.. .........Q
IMD3L IMD3H
5 6 7
Tone-spacing [MHz]
HSh ■e
10
Figure 2.8 Measured output fundamental and IMD power for two-tone frequency separations 
for 20W LDMOS.
2.9. Device with Memory
A  device with m em ory can be defined as i f  one where the output signal is 
a function o f  both instantaneous and previous input signals. However, a 
traditional definition for memory effects in the RF power amplifier 
community is: changes in the amplitude and/or phase o f  the inter­
modulation distortion as a function o f  the modulation frequency [ 1 0 ] [ 1 1 ].
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Figure 2.9 show s h ow  a tone-spacing sweep (Aco) o f  a two-tone signal is 
employed as an indication o f  memory effect for a 3rd order polynom ial 
m odelled device. For example, a device would be said to exhibit 
magnitude m em ory effect, i f  a tone-spacing frequency sw eep results in 
changes to the amplitude level o f  the inter-modulation distortion (IM D) as 
shown in Figure 2.9(b) or to asymmetry between IM D 3L and IM D 3 H as 
shown in Figure 2.9(c).
0)1 0)2
IM3L=2u) 1-u>2 IM3H=2u)2-w1
a
W1 0)2 0)1 0)2t j
f — " " " " T  .............t ................ A 0) 1
IM3L=2o>1-0)2 IM3H=2o)2-o>1 IM3L=2u)1-U)2 IM3H=2u>2-w
b c
Figure 2.9 Definition of memory effect.
Another way o f  describing memory effects is a time lag, defined as an 
existence o f  a hysteresis, between A M -A M  and AM -PM  response, [11]
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which creates uncertainty within the predictive m odel. In other words, for 
a nonlinear device with memory, the output signal o f  the device is not 
going to be only a function o f  its present input, but also appear as a 
function o f  the previous input.
N evertheless, A M -A M  and AM -PM  are seldom used as precise 
characterisation technique for m odelling devices with memory effect due 
to their inability to give comprehensive information on the device 
nonlinearity, such as in monitoring asymmetry in the IMD. [12] [13].
2.10. Source and Location of Memory Effects
D evices with m em ory effect can be classified into two categories: 
‘electrical’ and ‘thermal and trapping’ memory effects [14] [10]. The 
most comm on contributors for causing memory effect can be summarised 
as:
•  D evice reactive components
•  Input and output matching network
• Biasing network
•  Coupling and de-coupling capacitor
•  Thermal and trapping memory effect
Figure 2.10 illustrates the parts o f  the pow er amplifier structure 
attributed with the greatest responsibility for leading to the existence o f  
memory effect.
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Figure 2.10 Typical sources of memory effect in power amplifier [After [15]].
2.10.1. Thermal and Trapping Memory Effects
High power devices can both produce and dissipated high power at low  
frequencies. This dissipated power varies according to time, which makes 
it frequency dependent and in turn may also lead to temperature variation 
in the transistor’s junction. It is evident therefore that thermal effects 
diminish at high frequency because o f  the self-cooling which takes place 
when variation o f  the signal is too fast for the temperature to follow [13] 
but come into force strongly at lower frequencies.
The chip temperature can be modelled as shown in Figure 2.11 using this 
form [ 1 0 ]:
T = Tamb +  Rth •  P diss(d.C) +  Zth (o)\ — 0)2) •  P diss^O) 1 — 0)2^ (2 .1  7 )
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where Tamt is the ambient temperature, Rih is the thermal resistance , and Zth 
is the thermal impedance o f  the chip, package and the heat sink at 
envelope frequency.
Ta
Figure 2.11 Physical and electrical model of the heat flow from active device (after [10])
For example the dissipated power in a Class A  high pow er LDM OS device 
having V D =28V  and ID =2 A , would be 56W. This amount o f  dissipation, 
when m ultiplied by thermal impedance at envelope frequency ( 0 1 - 0 2 ) 
induces a high thermal variation in the device, as indicated in (2.17) which 
varies the thermal impedance, leading to a variation in the envelope 
voltage and resulting in a variation in IMD.
Trapping effects are inherent to the device itse lf and appear at low  
frequencies, potentially causing dispersion for the device conductance. 
This can cause variations in IM D with respect to modulation frequency 
(memory effect). In [16] trapping effects are shown to have appeared at 
low  frequencies, w hen an electron and hole traps potential changes with 
envelope frequency and therefore have altered the intrinsic gain.
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2.10.2. Electrical Memory Effects
Based on existing m em ory in the RF power amplifier, electrical memory 
effects can be subdivided into short-term memory effects and long-term  
memory effects
2.10.2.1. Short Term Electrical Memory Effects
Short-term memory effects (high frequency memory effects) are those 
signals which have a higher frequency (shorter time scale) than the 
information signal in a range close to the carrier signal. This kind o f  
electrical memory effect is mainly caused by both the reactive components 
o f  the device in addition to input and output m atching networks [ 1 1 ] [17]. 
It is caused by the variation o f  either or both the fundamental and the 
harmonics im pedances at different frequencies. H ow ever, designing a 
matching network with approximately constant impedance for the RF 
fundamental signal, in addition to its harmonic frequencies may not be 
considered a difficult task, especially given that the RF fundamental signal 
and its harmonics w ould usually occupy a decade or less. Furthermore, 
the blocking capacitor at the input o f  the active device in combination with 
the parasites coil can cause memory effect [12]. Pow er amplifiers having 
short-term memory effects w ill usually have a static response for the 
information signal and may som etim es be treated as m em ory-less devices, 
since short-term memory effect has a time constant (~ns) much shorter 
than the time constant scale o f  the information signal (~ps). [17]
2.10.2.2. Long Term Electrical Memory Effects
Long-term memory effects (low  frequency memory effects) have 
frequency o f  the order o f  the information signal itse lf (range from dc to a
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few M Hz) [18] [19]. This range o f  frequency is som etim es called  
‘intermediate frequency’ (IF) or ‘envelope frequency’ when two-tone  
signal excitation is being used. Long-term electrical m emory effects are 
typically due to the biasing network. In the case o f  a 5 M Hz W -CDM A  
signal, for exam ple, such a bias network needs to be constant and ideally, 
zero impedance at all low  frequency (IF) ranges. Otherwise, AC voltages 
may be generated and added to the power supply voltage, causing 
amplitude and/or phase modulation, and resulting in asymmetry in the 
IMD [3] [14]. It is almost im possible to com e up with a constant 
impedance for many frequency decades. This highlights the shortcomings 
o f  the simple bias network and the com plexity o f  bias network design.
2.11. Waveform Engineering
Waveform engineering is very important especially w hen reduction o f  
inter-modulation distortion is needed.
The voltage at the drain o f  LDM OS devices is the m ost significant factor 
in effecting the inter-modulation distortion com ponents (IM D). A s we  
have already discussed a two-tone test is often used to investigate the IMD  
performance through Taylor-series expansion. Taylor series expansion to 
the third order given by equation (2.18) can be used to describe the 
interaction with the device non-linearities which w ill cause a modification  
o f  all the frequency components in the resulting current waveforms.
io =  a w  +  aiVi2 +  aiVi (2.18)
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A  simple description for the output current (IM 3 L and IM 3 H) containing the 
two-tone carrier stimulus with the injected IF difference component 
produced by the IF load-pull system combined with the second harmonic 
component (2coi,2) is given by equations (2.19) and (2 .20) [20]. This 
enables the variation o f  the magnitude and phase o f  the baseband as w ell 
as the second harmonic components to be used to vary the in-band 
distortion products.
IM3l = Dcos[(2co\) + y/^ + Ccos[(co2-co\) + 0^ +B  + A (cosco\ + qqscd2} (2.19)
IM3h = D cos [( 2 ^ 2) + y/~J + C cos[(tf>2 - co 1) + #] + B + A (cos co 1 + cos m )  (2.20)
where:
B is the DC bias voltage.
C and D  are the magnitude o f  the base-band and the second harmonic 
signals, respectively.
6 and y/ are the phase o f  the base-band and the second harmonic signals, 
respectively.
It is clear that the optim isation o f  IM 3 terms is possib le by controlling 
(engineering) either second harmonic or envelope (base-band) components. 
In this work how ever, only waveform engineering at the base-band w ill be 
considered.
The total third-order IM D 3 L, for example, is a vector sum o f  third-order 
IM D 3 L (2 0 0 1 -CO2) caused by the third-order nonlinearity o f  the active device 
as a result o f  first m ixing products and the m ixing products o f  the signal at 
the second fundamental frequency © 2  w ith the signal at 2 coi as a second  
mixing process in addition to the m ixing products o f  the fundamental
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frequency coi w ith the signal o f  the envelope (O2 -CO1 (IFi) as a second m ixing  
process. This is demonstrated in Figure 2.12. The total IM 3 as a function 
o f  only base-band impedance, and for fourth-order amplifier, can be 
modified by IFi and IF2  (2 gc>2-2 coi) as:
IM3l = F cos[2 (&>2 -<yi) + /?] + Ccos[(tf;2 -£yi) + #] + f? + T(cos6 ;i + cos6 ;2) (2 .2 1 )
Where:
E and p  are the magnitude and the phase o f  the base-band second 
harmonic signal (IF2 ), respectively.
The vector diagram o f  this fourth-order amplifier is shown in Figure 2.13. 
In this arbitrary exam ple, three boundaries are shown: the IFi boundary, 
the IF2  boundary and the resultant IM 3L boundary, w hich is defined in this 
example by only the m ost two dominant base-band components (IF 1 and 
IF2 ). It is possible according to this example to reduce IM 3L to zero. 
Higher IF com ponents w ill theoretically effect inter-modulation distortion 
but their effect can be ignored, especially at low  pow er, w hen compared to 
IFi or IF2 .
Imaginary(IMD3 L)
Envelope
w2 -wl)
2 nd harmonic 
2 wl
3rd order 
(2 wl-w2 ) Real(IMD3L)
Figure 2.12 Composition of IM3L.
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Figure 2.13 Boundary of IM3L as a function o f  only base-band im p ed an ce (IF! and IF2).
2.12. Classifications of Power Amplifiers
In m odem  communication systems RF power am plifiers are required to 
have efficiency and linearity over the range o f  pow er operation as w ell as 
adequate bandwidth. Efficiency is the ability to convert DC to RF energy 
with minimal wasted power and heat generation, while linearity is the 
ability to amplify the input signal without distortion.
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Power amplifiers are divided into different Classes such as A, B, C ...e tc . 
The conduction angle o f  the drain (collector) current waveform  is used to 
identify these C lasses (see Figure 2.14). The main characteristic o f  these 
Classes is their trade-off between linearity and efficiency. Therefore, 
selection o f  a particular Class is determined by its application. High 
linearity and efficiency have becom e a figure o f  merit in CDM A base 
stations [21]. In a typical line-up o f  power amplifier chain, the power 
stage is often a Class B circuit for m aximum efficiency; the driver stage a 
Class A B for a trade-off between linearity and efficiency, and pre-driver 
stage may be a Class A  [6 ].
i
Id  max
2
VG S (Threshold) VG S (pinch- o ff) VG S
Figure 2.14 Classes of power amplifiers.
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2.12.1. Class A Operation
In a Class A  amplifier, the transistor is biased at a quiescent current Iq 
with the output current flow  for the whole conduction angle at 360 degrees. 
Figure 2.15 show s the dc load line. The Q point is chosen to be in the 
middle o f  the load line so the signal w ill swing in either direction at the 
same intensity, and has the maximum probability not to compress. In this 
case, the transistor operates in the linear region between the saturation and 
cut-off o f  its transfer characteristic, and therefore maintains high linearity 
resulting in low  distortion. M aximum efficiency o f  50% can be achieved  
i f  Vds minimum at Imax and Imin are set to zero, nevertheless, the practical 
efficiency is about 30% [22].
out
Class A
>max max
>max
mm
 •  ►
VGS (pinch-off) VGSVGS (Threshold)
Time
Figure 2.15 Transfer characteristic of Class A amplifier.
The efficiency is defined as the ratio o f  the output RF power divided by 
the DC supply power:
P out(RF)r|=-------
Pdc (2 .22)
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The maximum average power delivered to the load is given by:
1 Vrf2PL™ = --^ -  (2.23)
2  Rl
With V rf equal to the DC drain voltage defined as Vdd, the output power 
is:
(2.24)
2  R l
The average power delivered by the DC supply is:
Prc=i i r  (2'25)
Hence the m aximum efficiency is:
1 Vdd2
Rl * 1 0 0  = 50%
P°C  Voo^
Rl (2.26)
Class A  amplifiers are useful for applications where high linearity is 
required, but the drawback is the low  efficiency leading to high power 
dissipation. To deliver, for example, 20W to the load, 40W needs to be 
supplied from the DC source. The extra 20W w ill be converted to heat in 
the power amplifier transistor, which requires a large cooling system such 
as a heat sink.
2.12.2. Class B Operation
Class B amplifiers are usually biased at dc quiescent current equal to zero 
(threshold), hence no output current w ill be drawn when no input signal is 
applied at the device input. The conduction angle o f  Class B amplifiers is
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precisely 180 degrees, or just half the input cycle, thus the power 
dissipated is cut approximately to half.
b
•max
Class B
•max
VGS (Threshold) VGS (pinch-Dff) VGS
Ollt
T im e
Figure 2.16 Transfer characteristic of Class B amplifier.
The output current waveform  shows zero current for 7 t <tim e< 2 n  as can 
be seen in Figure 2.16. Thus the average current w ill be:
1 rT
T
Im Vm
 f
Idc=  i) Io(t)dt
71 7TRl
The total power delivered by the two power supply is:
V d d 2
P dc=2V  dd!dc=2 ■
7TRl
The output power is given by:
Prf—1 Vrf2
2  R l
With V rf equal to the DC drain voltage defined as V dd, the output power 
is:
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1 Vdd2
2 Rl *ioo = —100 = 78.5%
2Vdd 4
■^Rl
The efficiency in the case o f  Class B amplifiers is much higher than in Class A, 
bearing in mind that Class A  are more linear than Class B. In compression 
with a Class A  amplifier, only 25.5W is needed from the power supply to 
deliver 20W  to the load. This example shows that the power dissipated in 
Class B is about 25% o f  that dissipated in Class A. It must therefore follow  
that a Class A  amplifier has a higher power rating than a Class B amplifier.
2.12.3. Class AB Operation
In terms o f  linearity and efficiency, a Class A B am plifier is a compromise 
between Class A  and Class B, as can be seen in Figure 2.17. Class AB is 
preferable when a trade-off between efficiency and linearity is involved  
[11].
The conduction angle w ill be between 360 and 180 degrees at a quiescent 
point above the cu t-o ff and below  the Class A  bias point resulting in an 
efficiency level o f  between 50% and 78.5%.
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Time
'max
Class A B
'max
2
VGS (Threshold) VGS (pinch-off)
Figure 2.17 Transfer characteristic of Class AB amplifier.
2.12.4. Comparison between Class A, Class B and Class AB
An illustration o f  the effect o f  different Classes is made possible by using 
the non-linear high power measurement system with two-tone stimulus 
frequency o f  2099 M Hz and 2101 MHz, at different input powers, using a 
20W LDM OS device at a constant drain voltage o f  28V  over a power 
sweep o f  approximately 8  dB. Figure 2.18 compares the lower 
fundamental output power (coi) and the lower inter-modulation distortion 
(IM D 3L) o f  the three different Classes. At a constant and low  input power 
o f  16 dBm, Class B has an output power magnitude greater in magnitude 
than Class A  by 8  dBm, and about 3dBm greater than that o f  Class AB. 
The linearity o f  these Classes can be investigated by comparing their inter­
modulation distortion level. It is clear that, out o f  the three devices, Class 
B produces the m ost distortion, but it is the behaviour o f  Class AB which  
is o f  greatest interest and importance in that it generates inter-modulation 
distortion equal in magnitude to that o f  Class A , especially at higher input
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drive levels. This indicates that a Class AB amplifier is approximately 
equal in linearity to Class A , and can still provide sufficient output power  
when compared to a Class A  amplifier. However, different linearisation 
techniques can be used to enable the use o f  more cost-effective and more 
power efficient amplifiers w hile maintaining an acceptable level o f  
linearity.
—e — Class A Class AB-A— Class B
IM3L
-10
16 18 20 22 24 26
Pin [dBm]
Figure 2.18 Comparison of Class A, Class B and Class AB amplifier.
2.13. Summary
This chapter has presented important background material for this thesis. 
Methods o f  identifying nonlinear amplifiers were reviewed by means o f  
using two-tone test through Taylor-series expansion.
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Memory effects are defined in this thesis as changes in the amplitude or 
phase o f  distortion components (IMD) caused by changes in modulation  
frequency (Aco) and w ill be used due to their ability to give comprehensive 
information on the device nonlinearity, such as in monitoring asymmetry 
in the IM D. Two kinds o f  memory effects do exist in RF power 
amplifiers: short-term memory effects and long-term memory effects. It is 
the long-term memory effect (low  frequency signal), which is mainly 
caused by variation in the bias network impedance, which is going to be 
the main concern o f  the experimental investigations to follow. It is 
important therefore to find an access (port) to this signal. Hence, Chapter 
3 shows how  to measure and engineer this component.
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CHAPTER 3
Measurement Infrastructure for Memory 
Investigation
3.1. Available Commercial Instruments
Traditionally, high-frequency measurement system s em ploy CW signals 
for the investigations o f  device characteristics. However, device 
characterisation at CW  frequencies do not allow  for the measurement and 
investigation o f  important device characteristics such as memory effects 
[1]. Unlike low  frequency measurement it is rather difficult to measure, 
for instance, power using voltage and current directly by using 
conventional voltm eter or ammeter at RF frequencies [2], because they 
w ill interact and influence the accuracy o f  power measurement at 
RF/microwave frequencies. However, it is important to realise that power, 
unlike current or voltage, is one o f  the few  fundamental quantities that can 
be directly measured.
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With the revolution in wireless communications, m icrowave and RF 
frequencies usage is expanding; hence, developers o f  RF test equipments 
and measurement system s are driven to improve the performance o f  their 
systems.
3.1.1. Spectrum Analyzers
Spectrum analyzers are primarily a tool for the frequency domain. They 
are considered to be a very powerful instrument for measuring signals with 
frequencies ranging from approximately 100 Hz to approximately 110 GHz. 
Common spectrum analyzers measurements are signal characteristics such 
as in-band signals (fundamental and distortion components), out-of-band 
signals (RF harmonic and IF components). Spectrum analyzer-based 
systems allow for the use o f  modulated signals. H owever, due to their 
limitations, they only permit the measurement o f  the spectrum magnitudes. 
Consequently, it is rather difficult to utilise such system s for the accurate 
and unambiguous analysis o f  non-linear circuits, since a limited set o f  
magnitudes can generate an infinite number o f  current and voltage 
waveforms.
3.1.2. Vector Network Analyzers
Vector network analyzers are designed to measure both the magnitude and 
phase ratio o f  the voltage travelling waves. Their basic capability is to 
measure the s-parameters o f  an RF or m icrowave device and display the 
amplitude and phase ratio information in the frequency domain. They can 
measure transmission losses, return losses, gains, impedances, phases and 
group delay with a w ide range from DC to 110 GHz for characterising 
components.
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S-parameters can only accurately represent linear devices, such as filters, 
cables, connectors...etc, w hose behaviour is determined solely by the 
linear equations. H owever, basic linear s-parameters cannot fully predict 
the behaviour o f  non-linear devices.
It would also be im possible to determine the voltages and currents at the 
device plane, since vector network analyzers only measure the ratio 
between the incident and the reflected voltage waveform but not their 
absolute values. Hence it w ould be difficult again from these 
measurements alone to develop a good understanding o f  the device non­
linear behaviour.
3.1.3. Vector Signal Analyzers
The vector signal analyzers, a more recent advancement, can perform the 
same measurements as the spectrum analyzer w hile also providing 
information on the phase o f  the signal. Their bandwidth is not sufficient 
for fully non-linear characterisation. For example, a device under two- 
tone test with a tone-spacing o f  20 M Hz (the new  high-bandwidth 
communications standards such as WiMax generate 20-M H z bandwidth 
signals) w ill generate in-band and out-of-band distortion. Therefore, in 
order to study the performance o f  the in-band distortion up to only 5 th 
order w ill require a minimum bandwidth o f  200M H z. A lso they do not 
allow for simultaneous measurement o f  base-band and harmonics signal 
components.
3.1.4. Large Signal Network Analyzers
Large signal network analyzers are similar to vector network analyzer. 
They have a w ide bandwidth. For example, Maury M icrowave’s 
M T4463A Large-Signal Network Analyzer is operating from 600 M Hz to
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20 GHz with m axim um  power into test ports o f  10 watts (+40 dBm) [3]. 
Further, they are capable o f  measuring the absolute values o f  the incident 
and the reflected travelling waves, which can be easily transformed to 
voltages and currents in the time-domain using an inverse Fourier 
transform. D espite having large bandwidth their lower frequency is 
relatively high (600 M Hz). Therefore, they w ill not be suitable, for 
instance, to investigate low  frequency memory effect for non-linear RF 
devices.
3.2. Non-Commercial Waveform Measurement System Architecture
To bridge the gap between all these instruments, measurement systems 
developed at Cardiff University have been focused towards building a 
novel fully functional RF waveform high-power time-domain 
measurement system . The basic CW approach is an extension o f  the 
measurement system  demonstrated by Tasker, et al [4] and it is shown in 
Figure 3.1. This measurement system is som etim es referred to as Non- 
Linear Vector Network Analyzer (N LV N A ), and consists o f  two 
directional couplers used to measure the incident and reflected waveforms 
with a bandwidth o f  lG H z-12G H z and two bias tees [2] o f  the same 
bandwidth and a maximum  current and voltage handling o f  10A  and 100 V  
respectively. The RF couplers and bias tees are capable o f  handling up to 
100W CW. The tw o triplexers are used to separate the fundamental, 
second, and third harmonic components to three ports, so that each 
frequency can be independently tuned using three ESGs to generate the 
desired terminating impedances (referred to as waveform  engineering).
The 2-channel m icrowave transition analyzer is used to measure the 
incident waveform s an and the reflected waveform  bn at the device nth port,
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input and output, w hich are error corrected before being converted to 
voltages and currents, as follows:
The key feature o f  this waveform  measurement system is its ability to 
investigate the device performance in the time domain. This w ill provide 
a full insight into the non-linear behaviour o f  the device under test.
Unlike the large signal network analyzer, this waveform  measurement 
system has a receiver and a test-set; therefore it is suitable for both 
waveform measurement and waveform engineering. This measurement 
system is capable o f  handling power up to 1 0 0 W CW  w ith a bandwidth o f  
1 GHz to 12 GHz, which makes it suitable for characterising devices at 
high frequencies. Nevertheless, the lower frequency that this 
measurement system  can handle is 1 GHz, similar to the LSNA. This 
Cardiff high pow er CW  measurement system is not capable o f  detecting 
modulated signals, which contain additional high and low  frequency 
components generated by the non-linear device. For instance, the 
directional couplers and/or the bias tees exhibit large bandwidth yet have 
lower cut-off frequencies, in the range o f  several hundred megahertz, 
making them unsuitable for the detection o f  low-frequency IF signal 
components. Reference [5] [6 ] [7] [8 ] , has shown that the IF impedance, 
presented at the device plane can affect the in-band distortion. Because 
this measurement system  cannot detect low  frequency signals (<1 GHz) it 
was not suitable for investigating base-band memory effects.
(3.1)
i _ (a. +b.)
n (3.2)
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Figure3.1 Schematic of the 100 W RF measurement system based on microwave transition analyzer 
(MTA) with a frequency range for the higher harmonics up to 12 GHz.
3.3. Ideal RF and IF Measurement System
The RF waveform measurement system on its own is not capable of, for 
example, measuring modulated low frequency IF components (©2- ©1) 
because the RF bias tee is not capable o f  providing the device being tested 
with DC, IF and RF signals all at the same time. The problem is further 
compounded by the fact that the bandwidth o f  the RF directional coupler 
is 1 to 12 GHz making it impossible to detect the IF signals. In this case, 
the RF bias tee must be replaced by a triplexer in order to supply the DUT  
with the DC, IF and RF signals, and the RF directional coupler has to be 
replaced with a new broadband directional coupler capable o f  sensing both 
IF and RF signals. Figure 3.2 represents an ideal measurement system  
with optimum components. However, finding a commercial 4 port bias
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tee (triplexer) with the required bandwidth and power handling to 
accommodate all three bands (DC, IF and RF) has posed significant 
problems. The sam e can be said about finding a commercial directional 
coupler capable for sensing both IF and RF signals for wide bandwidth.
Theoretical Theoretical 
Bias T Coupler
Impedance 
' Transformers
Theoretical Theoretical 
Coupler Bias T
a2 b2al bl Port 2Port 1
IF Source 
pull
IF Load 
pull
Ch3
4-channel Microwave SamplingRF Source 
pull
RF Load 
pull
Figure3.2 Schematic of the theoretical high power time domain measurement system with IF and RF 
source and load pull capability.
3.4. Practical RF and IF Measurement System
To bring the ideal measurement system from the theoretical world to a 
practical environment, the CW high power measurement systems was 
further developed to detect the low frequency (IF) components and 
therefore study the effect o f  both IF and RF signals on device behaviour 
such as base-band memory effect. The aim being to have a system that 
could fully characterise and design RF power amplifiers at both high and 
low frequencies. The required four ports bias tee has been realised 
through means o f  two diplexers connected in series, and the required
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directional coupler has been split to two couplers one for the RF 
frequencies and the other for the IF frequencies. This measurement 
system is show n in Figure 3.3.
This architecture w as previously validated by adding an IF test-set, shown  
in Figure 3.3, com posed o f  two commercially available IF bias tees with a 
bandwidth o f  100 kHz to 1 GHZ and at 2W maximum power handling with 
a maximum current and voltage o f  200 m A and 30V  respectively [6 ], to a 
CW low  power waveform  measurement system. The IF test-set circuit 
board was designed to allow  the inter-changeability o f  couplers in order to 
have a much lower frequency. The first set o f  the commercial IF 
directional couplers used to measure the incident and reflected waveform  
has a bandwidth o f  200 kHz to 250M Hz with a coupling o f  19.5 dB and 
insertion loss o f  0.9 dB. The second set has a bandwidth o f  5 kHz to 
20M Hz with a coupling o f  11 dB and insertion loss o f  0.9 dB. An Agilent 
100MHz oscilloscope was used to sample and measure the low  frequency 
IF signals allow ing for the measurement o f  voltage and current waves 
between 100 kH z and 100 MHz.
The complete specifications o f  the IF test-set is m ostly determined by the 
specification o f  both IF bias tee and the IF directional coupler, hence the 
maximum power o f  the test-set stands at only 2W  with a low  frequency o f  
100 kHz defined by the lower cut-off frequency o f  the IF bias tee, and the 
high frequency o f  either 250M H z or 20M H z depending on which  
directional coupler is used.
A  possible integration o f  the high power RF and low  power IF waveform  
measurement system  is shown in Figure 3.3 and consists o f  two main 
entities: the RF test-set (upper level) with the components shown in green 
and the IF test-set (lower level) with the components shown in orange
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which are identical in terms o f  both component architecture and principle 
o f  operation.
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Figure3.3 Schematic of the high power RF and low power IF measurement system with active and 
source pull.
The architecture incorporates a combined IF and RF capabilities allowing 
for the collection o f  all four travelling waves at both IF and RF' 
frequencies. The resulting measurement system has a bandwidth o f
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approximately 100 kHz to 12GHz allowing for waveform  measurement at 
high and low  frequencies.
3.5. Limitations of the Existing Waveform Measurement 
System and Necessary Development
The RF test-set is suitable for characterising high power devices and does 
not need any modification. In contrast, the existing low  power IF test-set 
was not suitable for high power devices and was considered to be a major 
obstacle in m eeting the demands o f  the m ost m odem  communication 
systems, such as the base-station power amplifier market. Currently, the 
dominant devices technology is LDM OS, with those devices, which are 
commercially available being able to deliver maximum output power 
levels o f  up to 180W  at CW conditions. The performance o f  these devices 
cannot be fully characterised and investigated using the existing 
measurement system.
Further ‘probing’ measurements suggested that the CW  power at IF 
frequencies can exceed 20 W when terminated in 5 0 0  resulting in a 
maximum pow er and current handling requirement for the IF test-set, 
which unfortunately could not be handled by the existing IF test-set. For 
this reason, the developm ent o f  a new IF test-set w ith minimum 50W IF 
power and 10 A  DC current was considered to be an immediate way o f  
progressing to such high IF power.
Moreover, due to som e limitations o f  the original M TA implementation, 
which w ill not be discussed in this work, the sampling o f  repetitive signals 
was limited to be between 10MHz and 40G Hz, with the M TA was set to 
sample at its minimum sampling frequency o f  10MHz. Therefore, this 
decreased the measurement system capability o f  sweeping the IF 
frequency from DC to 10 MHz. The minimum frequency o f  10 M Hz is
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above the application space in terms o f  base-band memory effect. 
Sweeping the m odulation frequency across the bandwidth o f  the 
modulated signal w ould provide a means o f  relating the performance o f  
the device using a two-tone signal to the performance achieved with a 
modulated signal.
3.6. Proposed High Power IF and RF Waveform 
Measurement System
The existing measurement systems, which have been developed at Cardiff 
University, are not capable for detecting low-frequency signal components 
at high power levels. To overcome this problem, it was decided to design 
a suitable high pow er IF test-set to allow  the observation and control o f  all 
relevant frequency components (RF, IF and D C )[6 , 9].
The main objective o f  the proposed measurement system , therefore, was to 
upgrade the IF power handling capability from approximately 2 W and 0.2 
mA range to approximately 50 W and 10 A  range, making it suitable for 
characterising and investigating high power devices, such as base-station 
LDMOS transistors. These test-set specifications were considered to be a 
research challenge just two years ago [ 1 0 ] due to the complex 
requirements involved in implementing such a m easurement system [9].
The proposed high power IF test-set is similar to the existing one (low  
power), but the components have high power, current and voltage 
specifications. The tw o major critical components in the IF test-set are the 
IF directional coupler and the IF bias tee. It w as possible to find a suitable 
high power IF directional coupler (off-shelf) that met the proposed high 
power IF test-set specifications. The IF low  power directional couplers 
would be replaced with the commercially available directional couplers,
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manufactured by W ERLATONE, to provide the IF test-set with a 
bandwidth o f  10 kH z to 1GHz with a maximum power o f  50W CW, 
combined w ith a coupling o f  30 dB and a maximum insertion loss o f  1.2 
dB. H owever, despite substantial efforts, it proved im possible to source a 
suitable high power IF bias tee capable o f  handling high DC and RE 
voltages and currents over a large bandwidth. Therefore, it was decided to 
design suitable IF bias tees on site to complete the architecture o f  the IF 
test-set. The proposed IF bias tee design should have a bandwidth o f  50 
kHz to 50 M Hz with the capacity to handle a current and voltage o f  10A  
and 100V respectively, in addition to a typical insertion loss o f  0.5 dB to 
the IF signal and a minimum isolation o f  20 dB. A lso  another bias tee 
(mainly for the gate/base side which does not usually require high current) 
w ill be designed on site for a wide bandwidth o f  50 kH z to approximately 
more than 300 M Hz and a maximum current o f  2A  at 100V.
The proposed non-linear high power IF and RE m easurement system, with 
a further m odification to the previous measurement system  architecture, is 
going to be as that shown in Figure 3.4. This measurement system  
consists o f  two main parts: the RF part (upper level) w ith the components 
shown in green and the IF part (lower level) w ith the components shown 
in orange which are identical in both component architecture and principle 
o f  operation. The tw o parts are separated by the RE bias tee which should 
have an IF bandwidth o f  at least an order o f  magnitude larger than the 
modulation frequencies used for device characterisation, in order to detect 
the fundamental and harmonic signal components o f  the IF signal.
The architecture incorporates a combined IF and RE capability allowing  
for the collection o f  all four travelling w aves at both IF and RF 
frequencies. D iplexing the coupled RF and IF components o f  the signal 
prior to measurement is a key feature, and ensures phase coherence
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between measured IF and RF components. Moreover, using the 4-channel 
microwave sam pling oscilloscope is more compact and tim e-efficient than 
the previous system , where a microwave transition analyzer (M TA) was 
used for the RF frequency and an oscilloscope was used for the low  
frequency.
The RF test-set components w ill not be modified since it is already 
suitable for characterising high power RF amplifiers with a bandwidth o f  
l-12G H z and a maximum current and voltage handling o f  10A and 100V  
respectively.
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Figure 3.4 Schematic of the proposed high power RF and IF measurement system with active source 
and load pull.
The resulting measurement system will have the capability to handle RF 
power o f  more than 100W and IF power o f  more than 50W along with 
current and voltage o f  more than 10A and 100V respectively. The new  
measurement system can characterise devices for a bandwidth ranging 
from approximately 50 kHz to approximately 12 GHz. This measurement 
system is therefore suitable for investigating high and low frequencies 
memory effects.
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In addition, to the authors’ knowledge, no active nor passive IF load and 
source pull measurem ent system had existed with the capability o f  
handling up to 100 W  o f  IF power like the new ly proposed Cardiff 
measurement system  does.
However, waveform  measurement is not enough on its own for 
investigating base-band memory effect, therefore, in order to engineer and 
control the shape o f  the waveform  for optimising devices performance 
waveform engineering technique becom es essential.
3.7. Waveform Engineering
Waveform engineering can be defined as the process o f  changing the 
waveform shape, either the current or voltage, in order to optimise the 
performance o f  the device under test. This can be achieved through source 
and/or load pull [11] [12] [13]. Load and source pull technique is defined 
as the process o f  varying the impedance seen by input (source pull) or the 
output (load pull) o f  the device under test. The measurement system  
shown in Figure 3.4 has four ports, two ports for the RF1 test-set and two 
for the IF. This waveform  measurement system is capable o f  maintaining 
both RF and IF load and/or source pulls for a bandwidth o f  approximately 
50 kHz to 12 GHz.
3.7.1. RF Source and Load Pull
RF load and source pull is a technique based on the search for the 
optimum impedance seen by the device in order to investigate its 
performance e.g. efficiency, linearity, gain, and output power. This is 
important especially for the nonlinear device in which the performance 
with different load cannot be predicted using small signal s parameters. 
Source pull can be defined as the process o f  tuning (source pulling) the
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input impedance seen by the input o f  the active device w hile the load pull 
is the process o f  tuning (load pulling) the output impedance seen by the 
active device.
Cardiff waveform  measurement system is capable o f  characterising high 
power devices in excess o f  100 W through RF load and/or source; 
however, in this measurement system  it becomes crucial to load pull these 
devices at the same time. This is due to the fact that the optimum output 
impedance o f  high power LDM OS amplifiers is approximately less than 
10 Q while the measurement system  impedance is 50 Q. This large 
impedance difference between the device and the measurement system  
leads to insufficient power transfer. In order to m axim ise the power 
transfer and m inim ise the reflection coefficient, impedance transformer 
(matching impedance) is needed to match the D U T  to the measurement 
system. Therefore, for this measurement system , input and output RF 
impedances were established at 10 Ohms using broad-band 5:1 impedance 
transformers [14] to match the device with the measurement system for 
maximum power transfer.
This approach becom es very important in the case o f  high power harmonic 
active RF load pull [15] [16]. For example, Figure 3.5 indicates that the 
load pull system  has to deliver a power equal to ten times the power 
dissipated by the load at the device reference plane at reflection coefficient 
(T) o f  0.95.
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Figure3.5 Multiplication factor indicating the required maximum output power of the load-pull 
amplifier to generate a reflection coefficient of a given magnitude (after [16]).
3.7.2. IF Source and Load Pull
Load and source pull impedance is not restricted to RF fundamental or RF 
harmonics frequencies but can also include the source and/or load 
impedance at IF frequency. IF load and source pull measurement systems 
allow for controlling o f  the reflection coefficients seen by DUT from 
either its input or its output port at IF frequencies. This, for example, can 
be achieved by em ploying IF load pull to present any impedance desired 
to be visible to the output o f  the DUT, consequently reshaping the output 
o f  the voltage or current waveform for optimum performance. Figure 
3.6(a) and 3.6(b) illustrates the output spectrum in the frequency domain 
and voltage waveform  respectively o f  the output voltage for the 50f2 IF 
termination, while Figure 3.7(a) and 3.7(b) depicts the output for short IF 
impedance termination. Terminating the IF component with 50F2 or a 
short circuit dramatically changes the shape o f  the voltage envelope, as 
shown in Figure 3.6(b) and Figure 3.7(b). This example demonstrates
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how important the IF load pull is in characterising the performance o f  the 
RF power amplifier.
W l W2
s
1F1H
2W1 2W2
*»
Frequency (GHzJ
(a)
— — — — ----
? 20
_____
T im e  Ins l
(b)
Figure3.6 Measured voltage spectrum (a) and voltage waveform (b) for 50ft termination.
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Figure3.7 Measured voltage spectrum (a) and voltage waveform (b) for short circuit termination.
Waveform engineering through IF and RF load and source pull 
demonstrate the importance o f  providing the suitable impedance to the 
device under test in order to achieve better performance. It will be shown 
later how effective this technique is for minimising inter-modulation 
distortion components [17].
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The load and/or source pull can be performed either passively by using a 
manual tuner or actively by injecting a signal using an ESG source
3.8. Passive load and source pull system
Passive source and load pull in its simplest form is comprised o f  a signal 
source to generate the desired power and a power meter to measure the 
incident and reflected wave form at the input and the output o f  the DUT, 
as well as a passive tuner as can be seen in Figure 3.8. The harmonic 
passive tuner is not shown in the block diagram in order to keep it simple. 
The passive tuner itse lf contains a phase shifter and a variable attenuator 
as can be seen in Figure 3.8.
The incident w ave \> 2  generated by the device, for example, can be phase 
shifted and its magnitude can be varied by the variable phase shifter and 
attenuator respectively which w ill lead to m odifying the reflected wave 
form 2 L2 . The load generated is given by:
It is now straightforward to use the load reflection coefficient to define the 
load impedance as:
reflected wave (3.3)
incident wave
(3.4)
(3.5)
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therefore presenting the impedance which is required to be visib le to the 
DUT.
The same principle can be used to emulate the impedance, which is 
desired to be seen by the input o f  the DUT by using the source tuner.
The main advantage o f  the passive load pull is its capability o f  presenting 
an approximately constant reflection coefficient regardless o f  the input 
power generated by the signal generator (as expressed in Equation 3.5). 
Therefore, passive load pull is particularly pioneering and fast for the 
power sweep characteristic that requires constant impedance. For example, 
for a 20W LDM OS device, with a power sw eep o f  som e l ld B  using the 
non-linear high pow er RF load pull measurement system, the maximum  
observed variation in TL is less than 0.0003 in magnitude and less than
0.005 degrees in phase over the entire power sw eep. In addition, the 
power handling capability is high due to the involvem ent o f  only passive 
components in the passive tuner system [18].
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Figure3.8 Block Diagram of a simple passive load pull system
Passive fundamental load-pull is a relatively sim ple concept and is 
effective in allow ing for the presentation o f  specific loads to specific 
frequency components generated by a device [19] [20]. However, in the 
case o f  passive harmonic load pull, presenting a high load reflection 
coefficient using a passive tuner is difficult, especially on the edge o f  
Smith chart [21] [22]. Limited maximum reflection coefficient is 
considered to be the m ost important disadvantage o f  passive load pull.
Therefore, in order to adequately investigate devices and establish 
accurate optimisation, active load pull can be used instead.
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3.9. Active source and Load Pull
Active source and load pull is similar to that o f  passive source and load 
pull. In the active source and load pull a signal is injected at the device  
input for source pull or at the output for the device load pull.
The previous section em ployed passive IF and RF load-pull in order to 
control the low  and high-frequency impedances presented to the most 
significant IF and RF  components generated by a device. This approach 
however, is restricted by the realisable reflection coefficients and the lack 
o f  controlling all IF and/or RF' frequency components simultaneously 
without them affecting the magnitude o f  each other, making results 
difficult to interpret.
To overcome the limitations in achieving a maximum reflection 
coefficient, active load pull is substituted, allowing for full coverage o f  the 
Smith chart by compensating for any losses introduced between the device 
and the measurement system. The load reflection coefficient, for example, 
(Tl ) can now  easily be brought to unity ( 1 ) or even higher to compensate 
for losses introduced by the measurement system.
3.9.1. Open Loop Technique
A  typical active open loop load pull technique, originally proposed by 
Takayama [23], is shown in Figure 3.9. This technique is sometimes 
referred to as the ‘two-signal technique’, as two independent signals are 
used. In its simplest architecture, open loop technique is composed o f  two 
signal generators combined with the DUT. The first signal generator is 
used to drive the input port o f  the device and the second independent
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signal generator, w hich is connected to the device output port, is used to 
sweep the magnitude and the phase o f  the injected signal, hence obtaining 
the desired load reflection coefficient Tl- The main drawback o f  this 
technique is the variation o f  the load, as a result o f  changing the input 
power. This is due to the incident travelling wave into the device output a2  
from the load pull signal generator being independent from the device 
incident travelling wave b2 - Consequently, the open loop approach 
requires a complicated design in order to keep the load constant as 
proposed in [24].
DUT
Load pull 
Signal 
Generator
Signal
Generator
Figure3.9 Block diagram  of typical active open loop
3.9.2. Closed Loop Technique
The configuration o f  the closed loop technique, as proposed by Bava [25] 
is shown in Figure 3.10. A  directional coupler together with these 
necessary components are used to amplify and phase shift the coupled 
signal b2  and then inject back the modified signal a2  into the device output 
port. The load reflection coefficient therefore is now  not a function o f  the 
input power since the device output signal adjusts the load reflection  
coefficient automatically. This method is also suitable when the output
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frequency is different from the input frequency such as intermodulation 
distortion in the case o f  a two-tone test. The main disadvantage o f  this 
approach is the possibility o f  having oscillations due to the existence o f  
the closed loop. Even in this simplified configuration it is clearly apparent 
that closed loop involves more components than open loop, consequently 
increasing the cost.
Variable Phase
Attenuator Shifter
Coupler
Signal
Generator DUT
Figure3.10 Block diagram  of active close loop.
The most important advantage o f  the active load pull in comparison to 
passive load pull is the ability and the precision o f  presenting any desired 
impedance inside or even outside the edge o f  the Smith chart.
3.10. Summary
This overview o f  RE test equipment and measurement systems provide 
overall guidance on what types o f  test instrumentation and measurement 
systems are needed to characterise the performance o f  RF devices. The 
existing measurement systems are not capable for detecting low-frequency
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signal components at high power levels. The proposed high pow er IF and 
RF waveform measurement system has overcome this problem. It has the 
capability to handle RF power o f  more than 100W  and w ill have the 
opportunity to handle IF power o f  more than 50W . The proposed 
measurement system  can characterise devices for a bandwidth ranging 
from 50 kHz to 12 GHz. This measurement system with its capability o f  
performing not only waveform  measurement but also waveform  
engineering w ill be therefore suitable for investigating high and low  
frequencies memory effects through either passive or active load pull.
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CHAPTER 4
High Power IF Bias Tee Design, Realisation and Validation
4.1. High Power IF Bias Tee Realisation
The greatest challenge to the development o f  the new  high power IF test- 
set was presented by the IF high power bias tee, due to the required high 
power, large bandwidth and reasonable isolation betw een the DC and IF 
signal requirements.
The DC and IF requirements for the IF bias tee have been derived for the 
characterisation o f  LDM OS devices which represents, at the moment, the 
dominant device technology for the commercial base station market. 
Currently, the typical quiescent bias condition for LDMOS devices is 
V d s = 2 6 - 2 8 V  w hile the quiescent current can reach 1 0 A ,  assuming a 4 0 %  
drain efficiency at the maximum output power. The measurement systems, 
developed so far at Cardiff University, are capable o f  measuring LDMOS 
devices up to output power levels o f  1 0 0 W.
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The IF power w as chosen to be at around 50W and the IF bandwidth
requirement, for the high power IF bias tee, was set to 50M Hz which is an
order o f  magnitude larger than the modulation bandwidth o f  W -CDM A  
systems, thus allow ing for the measurement o f  the IF fundamental 
difference frequency and its first 5 harmonics at least. The resulting 
specification for the IF bias tee are summarised below:
•  Maximum DC current handling: 10A
• Maximum DC voltage handling: 100V
• IF channel m aximum power handling: 50W
• DC channel bandwidth: <50kHz
•  IF bandwidth: <50M H z
• Isolation between DC port and IF port: >  20 dB
4.2. Simplified Equivalent Circuit for Bias Tee
A  bias tee provides two paths from a com m on node, designed for 
applications where DC and AC (IF) signals are applied to a device under 
test (DUT). The principle architecture o f  a bias tee is shown in Figure 4.1. 
It consists o f  just one capacitor to provide the D U T with the required IF 
signal (a short circuit for IF) and to block the DC signal from the 
measurement equipment connected to the IF port, and one inductor to 
supply the DUT with the required DC voltage and current, while blocking  
the IF signal from diverting to the DC supply (a high impedance for IF). 
The inductor represents a low  pass filter w hile the capacitor represents a 
high pass filter.
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DC+IF PORT DC PORT
t
IF PORT (AC)
Figure 4.1 Simple bias tee
4.3. Bias Tee Construction
A  relatively easy way to implement filters is to use microstrip or stripline 
structures [!]• However, microstrip or stripline structures are not practical 
at low  frequencies due to their large geometries im posing space limitations. 
Instead, lumped elem ent such as inductors and capacitors are usually used 
to implement such low  frequency filters.
The utilised bias tee design process consisted o f  three phases: phase 1- 
investigation and design with ideal lumped components; phase 2 - 
introduction o f  realistic components through the utilisation o f  complex 
models, and phase 3- investigation o f  higher order filters as shown in 
Figure 4.2. During the first phase, the optimum values o f  both inductor 
and capacitor were estimated for design centering; during the second  
phase, practical components and their m odels were utilised, but resulted 
only in a bias tee which did not meet the specification, while the third
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phase was concluded with the creation o f a viable IF bias tee, using a filter 
design approach.
P h a s e  1 P h a s e
Ideal Component Practical Component
Practical Component 
+
Filter Design Approach
Figure 4.2 Three phases of bias tee design approach.
4.3.1. First Phase: Bias Tee Design using Ideal Components
The bias tee design process was initiated by a single ideal component for 
both filters, an inductor for the low pass filter and a capacitor for the high 
pass filter, as can be seen in Figure 4.3. The 3 dB cut-off frequency for 
each filter can be calculated using the following formulae:
F = 1
2 ttRC
Fl= r
2itL
Through algebraic manipulations, we obtain
1C=
2tcFR
(4.1)
(4.2)
(4.3)
and
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L=—  (4.4)
2*Fl
In a matched two-port 5 OH system, termination impedances are 5 0 0  
(Term l, Term2 and Term3) as seen in Figure 4.3. Assum ing that the 
capacitor is open and the inductor is short at the DC signal results in a total 
resistance o f  100Q within the DC signal path. At higher frequencies the 
inductor becom es an open and the capacitor forms a short, resulting in a 
total resistance o f  1 0 0 0 . Thus, the calculated values for the inductor and 
the capacitor according to equation 4.3 and 4.4 are: L=1591.5pH and 
C=31.8nF.
To ensure an appropriate cut-off frequency for both the DC IF ports, the 
inductor and the capacitor o f  the bias tee were calculated according to 
‘ideal’ values and the bias tee itself was simulated using Agilent’s 
Advanced D esign System (ADS). The results o f  the simulated circuit are 
depicted in Figure 4.4. The 3dB cut-off frequency for the DC port is 10 
kHz and the cu t-off frequency for the IF port is 50 kH z (approximately as 
calculated). The IF insertion loss (in this work, the decrease in the 
transmitted signal w ill refer either to insertion loss or attenuation) is 
relatively good (approximately 0.1 dB) at frequencies equal or greater than 
100 kHz. Furthermore, the minimum isolation achieved between the DC 
port and IF port is 22dB at 22 kHz.
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L=1591.5 pH
Terml
Z=50Q
-L  C=31.8 nF
Term2
Z=50Q
Term3
Zf 50Q
Figure 4.3 IF bias tee with ideal components.
This may indicate an adequate bias tee, but unfortunately, there are no off- 
the-shelf inductors with that large a value o f  inductance (1591.5 pH) while 
still being able to supply a current o f  10A up to a sufficiently high self­
resonant frequency.
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Figure 4.4 Simulated amplitude frequency response of the IF bias with ideal components.
4.3.2. Second Phase: Bias Tee Design using Practical 
Components
In order to implement a practical bias tee with the desired specifications, a 
practical passive inductor and capacitor must be used. Research into 
available inductors and capacitors indicates the trade-off between: self­
resonant frequency, impedance, current and voltage. High current 
inductors with both high self-resonant frequency and high impedance have 
been more difficult to find. High self-resonant frequency ensures that the 
inductor w ill not resonate in the desired bandwidth and therefore w ill 
prevent the IF signal from entering the DC path while high impedance 
allows adequate attenuation at frequencies above DC and therefore 
increases the bandwidth. Therefore, a trade-off has to be made. So far, 
the inductor specifications found to be potentially the m ost compatible
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with the design, are an inductor with inductance o f  100 jliH ,  effective  
series resistance (som etim es called ESR or Rs) o f  0.1 Q, self-resonant 
frequency o f  3.1 M HZ and a DC current o f  10 A. At first glance, this self­
resonant frequency o f  3.1 MHZ may not look sufficient to deliver a 
bandwidth o f  50 M Hz, but it cannot be ignored because the impedance o f  
the inductor is still going to be high, even beyond the resonant frequency 
which validates its use. To investigate this, the simulations were 
performed using the equivalent circuit (m odel) for the off-the-shelf 1 0 0  
pH inductor as shown in Figure 4.5. In this model, L represents the 
nominal inductance, Cp is the parasitic capacitance o f  the coil and Rs is the 
series resistance o f  the winding. Figure 4.6 displays the simulation results 
o f  this inductor m odel. The impedance plot show s that the impedance 
increases until the frequency reaches the self-resonant frequency, and then 
decreases due to the parasitic capacitance o f  the inductor. A lso this plot 
indicates that the inductor has an impedance o f  magnitude greater than 600 
Q for frequencies ranging from 1 MHz to 45 MHz: enough to provide an 
attenuation o f  over 20 dB over that frequency range. This indicates the 
potential use o f  the inductor at levels even higher than the resonant 
frequency. H owever, the attenuation weakens as the frequency is 
increased beyond 45 MHz.
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Rs
Figure 4.5 Inductor Equivalent circuit.
H b- Impedance
40
40
Frequency [Hz]
Figure 4.6 Simulated impedance and attenuation Frequency response of the 100 pH inductor.
What has been said about the inductor also applies to the capacitor with 
practical limitations to current and voltage. Based on an intensive search a 
capacitor was found with the most suitable characteristic that has a 
capacitance o f  15 nF, se lf  resonant frequency o f  25.6 M Hz and a 
maximum voltage o f  lkV . The equivalent m odel for this capacitor is 
shown in Figure 4.7 with C as the nominal capacitance, Ls the se lf  
inductance o f  the leads and the plates, and Rs the dc capacitor resistance 
that represents loss due to heat.
83
High Power Waveform Measurement System Enabling Characterisation of High Power
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The next step was to construct the IF bias tee using the selected  
components (L=100 pH, C=15 nF) and to verify whether all the goals such 
as, bandwidth, power, isolation, etc are achieved. The high pass filter was 
built by connecting two o f  the off-the-shelf 15 nF capacitors in parallel, 
resulting in a total capacitance o f  30 nF, which is close to the calculated 
ideal value. The low  pass filter was built by connecting 16 inductors in 
series in order to m eet the previously calculated ideal value o f  1591.5 pH. 
The s parameters results in this configuration are shown in Figure 4.8. A ll 
responses are close to those previously achieved in Phase One, where just 
one, single inductor with an inductance o f  1591.5 pH and a single 
capacitor o f  31.8 nF were involved, hence m eeting the design 
specifications. The slight change in the DC insertion loss and in the 
isolation, between the DC and the IF path, were m ainly due to the resonant 
frequency o f  the inductor.
Devices Including Memory Effects -A.A Alghanim
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Figure 4.8 Simulated amplitude frequency response of the IF bias with practical components
However, the resulting design also introduces a problem due to an 
excessive DC loss. For example, the practical on -shelf inductor found has 
a series resistance o f  0 . 1  Q, so i f  the previous approach o f  having 16 
inductors in series is adopted, then the total resistance o f  1 . 6  Q will be 
produced. This w ill generate a drop voltage o f  16 V  i f  10 A  (max drain 
current) was to be applied. Moreover, this approach o f  having 16 
inductors makes up a great deal o f  space. To overcom e this problem, 
higher order filters were proposed.
4.3.3. Third Phase: Bias Tee Design using a Filter Design 
Approach
Filters can be designed usually using the ‘image parameter’ or the 
‘insertion loss’ methods. The image parameter method is simple; although 
its drawback is that its response in the passband and the stopband cannot 
be controlled. In contrast, the insertion loss method allow s precise control
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over the passband and the stopband o f  the frequency response across the 
entire operating range and also allows for improve filter performance 
using, for exam ple, higher order filters in a straightforward way [2 ].
The insertion loss method o f  filter design is adopted in this bias tee design  
since it has been intensively used in m odem filter design. The filter 
design is very far-reaching due to the large number o f  conceivable 
implementations [2]. The basic principle is addressed in this section. 
References [3] [5] give more detail about filter designs.
A  prototype o f  a low-pass filter is shown in Figure 4.9(a) while its dual is 
shown in Figure 4.9(b). Either form 4.9(a) or 4.9(b) can be used as a low- 
pass filter since they are reciprocal and they w ill g ive the same response. 
A  prototype o f  a high-pass filter is shown in Figure 9(c) while its dual is 
shown in 4.9(d). A s in the low-pass filter, either form 4.9(c) or 4.9(d) can 
be used as a high-pass filter since they are reciprocal and they will give the 
same response.
To have a practical bias tee using filter design approach, the last element 
(at the output) o f  the low-pass filter must be an inductor and the last 
element (at the output) in the high-pass filter has to be a capacitor, 
otherwise, the DC signal or the AC signal w ill not go to the output port o f  
the device under test but w ill go to ground instead. The circuit provided in 
Figure 4.10 illustrates this. In this example a bias tee was constructed 
through use o f  a low-pass filter and a high-pass filter with n=3 (3 sections). 
A s already noted, this kind o f  filter construction is inappropriate for the 
bias tee design, since the presence o f  the capacitor C l in the low-pass 
filter allows the IF signal to go to ground rather than going to the output 
port o f  the bias tee.
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Figure 4.10 also demonstrates how easily the DC signal can be lost, 
proceeding from the DC port to ground via the inductor LI on the high  
pass filter side. This calls for greater caution, when designing bias tees.
L4 L6
j t y t u ,— n n n n
Figure 4.9 Ladder circuits for filters prototypes, (a) A low-pass filter prototype beginning with an 
inductor, (b) A low-pass filter prototype beginning with a capacitor, (c) A high-pass filter prototype 
beginning with an inductor, (d) ) A high-pass filter prototype beginning with a capacitor.
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Figure 4.10 Schematic of prohibited bias tee
Table 1 below  lists several o f  the original targets to be met in the provision  
o f  an appropriate bias tee:
Table 1 Bias tee specification
Filter Type LPF HPF
3 dB cut-off frequency 10 kHz 50 kHz
20 dB attenuation 100 kHz 20 kHz
Bandpass attenuation < 0 .1  dB < 0 .1  dB
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The aim was to have the 3 dB cut-off frequency (Fc) at 10 kHz with an 
attenuation o f  >20 dB at 100 kHz for the low pass filter, together with a 3 
dB cut-off frequency at 50 kHz and an attenuation o f  >20 dB at 10 kHz for 
the high pass filter. The reason behind choosing two different cu t-off  
frequencies w as to achieve adequate isolation between the DC and IF 
paths. Moreover, a lower cut-off frequency was selected for the DC path 
in order to prevent interaction with the IF path. The bias tee also required 
low insertion loss (attenuation) in the passband and wide rejection in the 
stopband as illustrated in Figure 4.11.
Attenuation Attenuation
3 dB
passband stopbanl
Fc
3 dB
stopband
Low-pass High-pass
Figure 4.11 Characteristic response curves of filter.
The resulting bias tee uses a three-order filter type (n=3) o f  which three 
kinds were examined during the design process:
•  Butterworth filter
•  Chebyshev filter
•  Bassel filter
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For the purpose o f  achieving the required performance, several 
combinations o f  filters have been simulated using A gilen t’s Advanced  
Design System  (A D S).
4.4. Bias Tee Simulation and Realisation
One example o f  a simulated circuit is depicted in Figure 4.12. The best 
results o f  all nine combinations o f  low-pass and high-pass filters were 
achieved with a Chebyshev filter with 0.01 dB ripple (low  pass), and a 
Bessel filter (high pass). These results are depicted in Figures 4.13 and 
4.14, which indicate very good isolation, with a worst case scenario o f  
approximately 27dB at 23 kHz between DC and IF ports and an insertion 
loss o f  the IF path (S 2 1 )  at about 0.06 dB at 50 M Hz, while the DC 
insertion loss (S3 1 ) is always over 20 dB for all frequencies approximately 
greater than 50 kHz. The return loss in the bandwidth o f  interest is a 
minimum o f  10 dB. The optimum circuit obtained has been realised using 
off-the-shelf inductors and capacitors.
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Figure 4.12 Final IF bias tee with practical component’s values.
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Figure 4.13 Simulated amplitude frequency response of the IF bias.
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Figure 4.14 Simulated IF  return  loss of the IF bias tee
Figure 4.15 shows the photograph o f  the constructed high power bias tee 
containing its three ports. The DC signal can be applied or extracted from 
the bias tee through a BNC connector at the DC port, w hile the IF and the 
output signals can be applied or extracted from the bias tee via N  
connectors at the IF and the output port.
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DC+IF
PORT
PORT
Figure 4.15 photograph of the constructed high power bias tee
4.5. IF Bias Tee Measurements
Due to the fact that the available bandwidth o f  the V N A  is only 30 kHz to 
6  GHz, it was not possible to accurately measure the bandwidth between 
DC and 30 kHz o f  the IF bias tee. Therefore, it was decided that two 
different measurements would be carried out in which the 8753E VNA  
(vector network analyzer) was used for the first measurement for 
frequencies between 30 kHz to 100 MHz and the second measurement was 
undertaken using the set-up shown in Figure 4.16 for frequency ranges 
from DC to 30 kHz. In the second measurement, the insertion loss (IL) is 
defined as the ratio o f  two power levels: the available source (defined as 
Ps) and the available load power (Pr). It is expressed in decibels as:
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PrIL=101og —  
Ps
AWG Ps R ia o  T 1 Pr Spectrumanalyzer
50Q
Figure 4.16 Low frequency Measurement set-up.
The subsequent data for S31 (the DC insertion loss from DC to DC+IF) is 
shown in Figure 4.17. The DC Insertion loss (S 3 1 )  is always greater than 
35 dB over the range o f  50 kHz to 50 MHz. The measured IF insertion 
loss o f  S21 (IF path) is about 0.1 dB at the cut-off frequency with the worst 
case being 1.2 dB at 50 MHz, as depicted in Figure 4 .18 .
-20
a -40
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Figure 4.17 Measured insertion loss s3i (Dc port to DC+IF port)
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Figure 4.18 M easured transmission of IF port s2i (IF port to Dc+IF port)
Figure 4.19 show s a plot o f  S3 2 . The isolation betw een the DC port and the 
IF port (S 3 2 )  is 27 dB minimum for the w hole bandwidth. The IF return 
loss is quite good for the frequency range 100 kHz to 45 M Hz as is shown 
in Figure 4.20.
An additional DC test was applied to the IF bias tee, w hich showed a DC 
resistance o f  0.8Q  and a DC current handling ability o f  10A without 
causing any heating effects to the inductors.
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4.19 M easured Isolation s32 between DC port and IF port.
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Figure 4.20 Measured IF re turn  loss s22.
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The final test o f  the IF bias tee was to ensure that the IF bias tee would  
indicate the same performance for both low  and high power. This has 
been achieved by terminating the output port (port 1) in a 20 f l  resistor, 
capable o f  handling a current up to 12A , w hile port 2 (IF port) was left 
open and port3 (DC port) was connected to a high current power supply, 
providing the DC port with the desired current o f  10A  for approximately 1 
hour. The s-parameters ( ‘hot’ s-parameters) where then immediately 
measured and compared to the ‘cold ’ s-parameters, recorded when the bias 
tee had been left unconnected for som e tim e to cool down. The results o f  
S31 hot and S31 cold are depicted in Figure 4 .21. These shows identical 
results for both tests, demonstrating the excellent behaviour o f  the IF bias 
tee, while Table 2 shows the final IF bias tee m easured performance, 
meeting the desired specifications.
-20
-40
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-80
8060 10C20 400
Frequency [MHz]
Figure 4.21 M easured changes in insertion loss s3i (DC port to DC+IF port)
97
High Power Waveform Measurement System Enabling Characterisation of High Power
Devices Including Memory Effects -A.A Alghanim
Sum m ary o f  F inal H igh P ow er I F  B ias  Tee perform an ce
Table 2 High power IF bias tee.
ELECTRICAL:
frequency Range 30 kHz- 5 0  MHz
Bandwidth < 7kHz to > 50 MHz
Insertion Loss
100 kHz-1 5  MHz 0.1 dB Typical
15 MHz-4 5  MHz < 0.5 dB
15 kHz-5 0  MHz 1.2 dB Max
Isolation (IF to DC port):
100 kHz -  50 MHz > 27  dB
Return Loss >13 dB
DC Voltage 100 VDC Max
DC Current 7.8 A
DC Path Resistance 0.8 ohm
Mechanical
DC Port BNC Connector
IF Port N Connector
IF+DC port N Connector
Overall Length 18 cm
Weight 1.2 lb (0.5 Kg)
Housing Aluminum
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4.6. Low Power IF Bias Tee
An extra bias tee was needed to supply the device input with the required 
DC voltage and current. Fortunately this bias tee does not need to handle
high power since the device does not required high DC  input current. The
design process is similar to that o f  the high pow er bias tee. Therefore and 
in order not to be repetitive, only the final perform ance o f  the second bias 
tee is shown. For clarity Figure 4.22 below  show s the final performance 
o f  the IF bias tee (in a linear scale for frequency up to 400 MHz) while 
Figure 4.23 shows the performance in a logarithm ic scale for the same 
frequency range.
The final achieved specifications for this IF bias tee are summarised 
below:
•  Maximum DC current handling: 2A.
•  M aximum DC voltage handling: 100V.
•  DC channel bandwidth: 50 kHz (>20dB).
•  IF bandwidth (3 dB): 50 kHz to >400M H z.
•  DC-AC isolation > 20dB for all frequencies.
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Figure 4.22 Measured amplitude frequency response of the IF bias using a linear scale for frequency 
up to 400 MHz.
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Figure 4.23 Measured amplitude frequency response of the IF bias using a logarithmic scale for 
frequency up to 400 MHz.
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4.7. IF Diplexer
A diplexer in its simplest form is a network w ith three ports that combines 
two different frequencies from two sources into a single output or splits a 
signal into two paths. Based on how it is used, a diplexer can be either a 
splitter or a combiner. Similar to the bias tee, a sim ple diplexer consists o f  
two filters, one for low  frequency and the other for high frequency. It is 
also possible to design diplexers using tw o band-pass filters. Therefore, it 
could be said that a bias tee can be used as a diplexer but diplexers cannot 
be necessary used as a bias tee.
To complete the IF test-set and make it suitable for independently load 
pulling two IF components at one time, it w as necessary to design and 
manufacture a suitable diplexer to separate these tw o IF harmonic 
components (IFi and IF2 ) using a similar process to that adopted for the IF 
bias tee design.
The diplexer was designed according to the fo llow in g  specification: DC- 
1.1 M Hz (IFi) and 1.8-10M Hz (IF2 ) with insertion loss o f  approximately
0.5 dB and 20dB o f  isolation. The achieved values for the insertion loss 
and isolation are shown in Figure 4.24. W ith this diplexer, it would be 
possible to independently load pull not only IFi but also IF2  at Tone- 
spacing between coi and cc>2 o f  1 M Hz w hen investigating base-band 
memory effect.
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Figure 4.24 Measured frequency response for the IF diplexer.
4.8. High Power IF Test-Set Realisation
The final high power IF test-set realised is show n in Figure 4.25. It 
consists o f  two commercial IF directional couplers w ith a maximum 
power o f  50 W and a bandwidth o f  10 kHz to 1GHz. The two bias tees 
made on site: the high power version with a bandwidth o f  50 kHz to 50 
MHz and a maximum current handling o f  10 A  at 100 V  and the low  
power version with a bandwidth o f  50 kHz to 400 M H z and a maximum  
current handling o f  2A  at 100V. The IF test-set specifications has been 
driven from the components specification used to build it. Thus, the IF 
high power test-set bandwidth is 50 kHz to 50 M H z, defined by the lowest 
components bandwidth (high power IF bias tee) with a capability o f  
handling current and voltage o f  10A and 100V  respectively. The IF test- 
set was designed with the flexibility o f  adding or replacing any o f  the 
present components in case it is needed. Therefore, it is possible for 
example to switch the high power IF bias tee which is designed to be
102
Chapter 4. High Power IF Bias Tee Design, Realisation and Validation
connected at the drain o f  the device (10A  and 50 M Hz o f  bandwidth) with 
the low power IF bias tee which is designed to be connected at the gate o f  
the device (2A  and 400 MHz) in order to expand the bandwidth from 
approximately 50 MHz to approximately 400 MHz.
This would improve frequency performance, especially for those 
applications when high drain current is not required but higher bandwidth 
is. This bias tee switching would extend the IF test-set bandwidth from 
approximately 50 MHz to 400 MHz. The IF load and source ports (see 
Figure 4.25) w ill allow for load and/or source pull and hence allow the 
investigation o f  the device performance such as base-band memory effects.
Figure 4.25 Realised high power IF test-set.
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4.9. Summary
A  new high power IF test-set has been developed, aim ed at operating over 
the 50 kHz to 50 MHz frequency band for the measurement o f  IF 
frequency and capable o f  handling IF power o f  more than 50W . This was 
made possible by the design and realisation o f  IF bias tee w hich is capable 
o f  handling low-frequency IF signal components and its integration with a 
high power IF test-set. It is possible to consider the integration o f  this 
high power measurement capability with the established high power RF 
measurement capability, coupled with a sam pling scope based receiver, 
that can delivered a measured solution for the characterising high-power 
devices under modulated signal conditions, w hich are relevant for the 
base-station market.
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CHAPTER 5
Final Measurement System Architecture and 
Validation
5.1. New High Power Waveform IF and RF Measurement 
System Architecture
The new  high pow er waveform IF and RF  m easurem ent system, with a 
further m odification to the previous measurement system  architecture, is 
shown in Figure 5.1.
The RF test-set components have not been m odified , as mentioned in 
chapter 3, since it is already suitable for characterising high power RF 
amplifiers with a bandwidth o f  l-12G H z and a m axim um  current and 
voltage handling o f  10A and 100V respectively. With respect to the IF 
test-set, the low  power bias tee used in the previous system  (2W , 0.2A  and 
30V) has been replaced with the new high pow er IF bias tee which has a 
bandwidth o f  50 kHz to 50 M Hz with the capacity to handle a current and 
voltage o f  10A and 1000V respectively, in addition to a typical insertion
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loss o f  0.5 dB to the IF signal and a minimum isolation o f  22 dB. Also 
another bias tee has been designed on site for a w ide bandwidth o f  50 kHz 
to approximately more than 300 MHz and a maximum current o f  2A at 
100V. The IF low power directional couplers were replaced with 
commercially available directional couplers, manufactured by 
WERLATONE, to provide the IF test-set with a bandwidth o f  10 kHz to 
1GHz with a maximum power o f  50W CW, com bined with a coupling o f  
30 dB and a maximum insertion loss o f  1.2 dB.
Im pedance
'Transformers'
C oupler B ias T
31RF b lR F
RF-IF
Diplexers
RF-IF
Diplexers
4-channel Microwave Sam pling  
O scilloscope
JF Source 
pull
IF Load 
pull
Figure 5.1 Schematic of the new high power RF and IF measurement system with active source and 
load pull.
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4-CH SCOPE
Figure 5.2 The new high power RF and IF measurement system
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The resulting measurement system has the capability to handle RF power 
o f  more than 100W  and IF power o f  more than 50W  along with current 
and voltage o f  more than 10A and 100V  respectively. The new  
measurement system can characterise devices for a bandwidth ranging 
from approximately 50 kHz to approximately 12 GHz. This measurement 
system is therefore suitable for investigating high and low  frequencies 
memory effects.
In addition, to the authors’ knowledge, no active nor passive IF load and 
source pull measurement system had existed w ith the capability o f  
handling up to 100 W o f  IF power like the new ly  developed Cardiff 
measurement system  does.
5.2. High Power IF Test-Set Test validation
In order to initially evaluate the performance o f  the new  high power IF 
test-set it was decided to calibrate the IF measurement system  and measure 
its s-parameters using the 8753E V N A  in the presence o f  all IF 
components such as, IF bias tee, IF directional coupler, sw itches, diplexers 
etc, as can be seen in Figure 5.3. The measured insertion loss (S2 1 ) from 
the input o f  the IF switch, through the IF directional coupler (J1), to either 
the output o f  the IF bias tee (DC+IF) or to the DC port presents a good  
indication o f  a useful IF measurement system in applications up to 50M Hz 
as shown in Figure 5.4. The insertion loss for the w hole IF system is only 
about 0.6 dB less than that achieved from the IF bias tee alone. This 
reduction in the insertion loss is mainly caused by the IF directional 
coupler.
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Figure 5.3 Schematic of high power RF and IF measurement system.
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Figure 5.4 M easured insertion loss (S21) for the high power IF  system.
5.3. RF and IF Load Sensing Capability Test
The measurement system capability o f  being able to sense the load 
presented to the IF and RF ports was examined using tw o-tone stimuli o f  
2098M Hz and 2102M H z by terminating RF ports in 10 C2 and IF ports in 
50 on a 20W  LDM OS device biased as class A B  operation at fixed 
input power level o f  20 dBm. The evaluated IF and RF impedances, 
including their harmonics are depicted in Figure 5.5 below  and Table 1. 
The results illustrate just how effective the IF system  and the RF system  
are in presenting constant 50 Q to the IF and 10 £2 to RF components.
Table 1 Measured real and imaginary impedances.
Impedance IFi if2 if3 if4 Wj w 2 2W, 2W2 3Wj 3W2
Real 50.91 50.24 49.50 49.52 12.38 12.63 10.70 10.71 7.079 7.94
Imaginary -3.01 -1.94 -1.82 -1.06 -0.14 -0.43 -1.17 -0.9 -3.73 -3.03
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IF , Carrier and 
Harm onic im pedances
A IF im pedances  
O Fo im pedances  
□  nFo im pedances
Figure 5.5 Measured baseband impedances a t Zo=50£l, as well as fundam ental and harmonic 
impedances at Zo=10ft.
The IF base-band im pedance control is carried out, w ith the same device 
and tone-spacing as in the previous case, and the RF system  terminated in 
10Q impedance, w ith an offset-short is used for the IF termination. It is 
important to note that w hen the offset-short termination is used, the load 
presented to the device can be engineered to be low  (approximately zero), 
as reflected by the achieved results shown in Figure 5.6. The magnitude 
and phase o f  IFi are not exactly at zero and 180° respectively as one 
would expect for an ideal short circuit. This can be attributed to the losses 
introduced by the m easurem ent system  itself, has an impedance o f  a 
magnitude approximate equal to 6£l and a phase o f  about 170° at a 
modulation frequency equivalent to 4M H z ( c o 2- c o i = 2 1 0 2 - 2 0 9 8 = 4 M H z ) .  In 
a simple test o f  the system s performance an offset-short w as replaced with
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an offset-open. In this case, the IFi phase w ould be expected to m ove 
about 180°across the Sm ith chart from the previous value: 170° to 
approximately - 1 0 ° corresponding to (170°-180°) and this is
approximately what Figure 5.6 is show ing, where the IFi impedance has 
been m oved from near short to near open. The phase measurement 
accuracy w ill be verified in m uch greater detail in the follow ing section.
Figure 5.6 M easured IF  impedances for offset-short and offset-open term inations
5.4. Demonstration of IF Phase Sweep using Passive Load 
Pull
The IF measurement system ’s ability to sw eep the IFi phase around Smith 
chart w ill be exam ined using ‘passive load pu li’, where coaxial cables o f  
varying length w ill be connected to IF the port to sw eep IF i impedance, as 
can be seen in Figure 5.7. The intention w as to sw eep the phase o f  IFi to
113
Chapter 5. Final Measurement System Architecture and Validation
0°, 90°, 180°, 270° and back to 0° again. Figure 5.8 shows how effective 
the IF measurement system  is in presenting the desired IFi phase.
RF m ulti-tone 
so u rce
Figure 5.7 Schematic of the high power m easurem ent system used to passively load pull the phase of 
IFI.
'Transformers
RF-IF
DiplexersRF-IF
D iplexers
4-channel Microwave Sampling 
O scilloscope
P assive IF 
Load pull
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Figure 5.8 M easured IF1 impedances using passive load pull.
5.5. IF Load Pull Test using Passive Load Pull
Passive fundamental load-pull is a relatively sim ple concept and is 
effective in allow ing for the presentation o f  sp ecific  loads to specific 
frequency com ponents generated by a device [ 1 ] [2]. H owever, in the case 
o f  passive harmonic load pull, presenting a high load reflection coefficient 
using a passive tuner is difficult especially on the edge o f  the Smith chart 
[3] [4]. Limited m axim um  reflection coefficient is considered to be the 
most important disadvantage o f  passive load pull [5].
The problem is com pounded at IF frequency (i.e., up to a few  megahertz) 
when it com es to presenting a constant IF im pedance passively across 
wide m odulation bandwidths. Currently available commercial passive 
load pull m easurem ent system  such as, Maury or Focus system  do not 
include base band frequencies [6 ]. To the author’s know ledge there are no
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commercially available IF passive or active load—pull system  with the 
capability o f  handling up to 50 W o f  IF pow er and suitable for 
investigating baseband m em ory effect except for the one developed as a 
result o f  this research at C ardiff University [5].
It is important to m ention at this stage that even for the Cardiff IF passive 
measurement system , it is alm ost im possible to load or source pull IF 
impedance at very low  frequencies (into the range o f  som e kHz) without 
severely limiting the m agnitude o f  T. This w ill be demonstrated in the 
example below.
Examples o f  passive load pull are reported in Figure 5.9 to demonstrate 
and clarify the previous claim . The passive load pull ability to maintain 
constant IF impedance, observed by the output o f  the DUT, will be 
examined. The sim plest m ethod o f  synthesising an arbitrary impedance is 
to use a piece o f  coaxial cable as a classical tuner to load pull IFi 
impedance toward the optim um  termination, w hich is defined as short [7]. 
Figure 5.9 shows the measured IFi im pedances o f  a 20W  LDM OS device 
at 2.1 GHz using tw o-tone excitation for tw o m odulation frequencies o f  
0.37 M Hz and 1 M Hz. The m agnitude o f  the reflection coefficient could 
not be brought to a perfect short circuit because o f  the expected losses and 
the delay introduced by the system  itself. N evertheless, it should be 
noticed that load pulling IFi to short (180 degree) at two different 
modulation frequencies o f  0 .37  M Hz and 1 M Hz, results in two different 
impedance m agnitudes o f  8.7 Cl and 5.9  Cl respectively. A n increase in 
the impedance m agnitude o f  about 2.8Q  is observed. This difference o f  
2 .8 Q between the tw o m odulation frequencies is a serious indication o f  
how it would be difficult to sw eep, for exam ple, the phase o f  IFi, at some 
kHz around the Sm ith chart w ithout dramatically changing its magnitude. 
To emphasise this point, the length o f  the coaxial cable used in the
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previous measurement to load pull IFi at A f=0.370 M Hz components can 
be calculated using this formula:
( 6 1 )
360° F y/s
Where:
0  = Phase o f  IF \ in degree 
C = Speed o f  propagation  
F = Frequency o f  IFi
s =  Dielectric constant o f  material (equal to 2.3 in the case o f  polyethylene 
material)
1 /Vs = V elocity factor
For sim plicity, i f  w e assum e that the speed o f  the propagation is equal to 
the speed o f  light, the length o f  the coax cable w ould  be approximately:
T 37.2 . 300000000 1L= -* ---------------- 7= — = 55.25 meters
360° 370000 V23
For a consistent com parison, i f  for instance the location o f  the IFi 
impedance at A f= l kH z w as found to be identical to that o f  IFi at Af=370 
kHz then the new  length o f  the coax cable needed to load IFi at A f=lkH z  
would be:
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T 37.2 300000000 1
L= - *  =  = 20441 m e te r s
360° 1000 V 23
If  55.25 meter o f  a coax cable has an internal resistance o f  2.8 Q then it 
would be expected for a coaxial cable length o f  20441 meter to have 
internal resistance o f  about:
20441Rintemai= ±--22-* 2.8 = 1035.92 Q 
55.25
which shows how  the m agnitude o f  this im pedance has been driven from 
the desired short towards an open circuit instead.
Figure 5.9 M easured IFi im pedance for two modulation frequencies of 0.37 M Hz and 1 MHz before 
and after load pull using passive load pull.
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Even at higher IF frequencies, a passive approach cannot present a high 
load reflection coefficien t for IF harmonic tuning since IF harmonic tuning 
also depends on the IF fundamental load pull tuning.
Figure 5.10 below  is an exam ple o f  base-band fundamental and second 
harmonic load pull. Load pulling both IFi and its second harmonic IF2 
through a diplexer, designed for this purpose (1 to 2 M Hz), towards short 
circuit, requires more than one iteration around the Smith chart, which 
consequently leads to an increase in the magnitude o f  the IF impedances.
After all that has been said about IF passive load pull, it still provides a 
reasonable amount o f  information about the devices performance e.g. 
base-band memory effect, especially  i f  the IF higher order components 
(IF2 , IF3 ...e tc ) are negligib le.
The first experiment show s how  easy, sim ple and cheap the passive load 
pull is, and in addition, it maintains a constant load for different power 
levels. Obvious disadvantages o f  this approach related to the limitations 
o f  the passive IF load and source pull are illustrated and reported in Figure 
5.9 and Figure 5.10. Firstly Figure 5.10 indicates that the maximum  
achievable load reflection coefficient (TLmax) is only about 0.82, and 
secondly, it show s the difficulty o f  sw eeping the phase o f  T  without 
severely degrading its m agnitude at low  IF frequencies. This highlights 
the complexity o f  the IF load pull in comparison to RF harmonic load pull.
Figure 5.10 show s the unsatisfactory consequences o f  IF fundamental 
(tone spacing) and IF second harmonic (two tim es tone spacing) 
impedances being load pulled simultaneously. It is therefore important, in 
the case o f  passive load-pull, to recognise the need for a family o f  
diplexers due to the large IF bandwidth involved. This is difficult and
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costly to design and hence considered to be a major problem in practise. 
To avoid this, a physical diplexer is needed to fulfil this role. It could be 
via the IF power amplifier, w hich can be used as a diplexer, i f  two signals 
from the arbitrary w ave generator (AW G ) are com bined by a combiner 
and then fed to the input o f  the IF pow er amplifier, (see Figure 5.11). In 
order to adequately investigate devices and establish accurate optimisation, 
active load pull can therefore be used instead. Accurate load pull 
measurement data are required to create the accurate behavioural model 
needed in the designing o f  pow er amplifiers.
IF2@ delta F=1MHz 
b e fo re  load  pull
Figure 5.10 M easured  IF t and IF 2 im pedan ce for ton e-sp acin g  o f  1M H z before and 
after load pull using p assive  load pull.
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5.6. Demonstration of IF Phase Sweep using Active Load 
Pull
Passive load pull is easy and inexpensive to maintain, but the drawback is 
its limited maximum reflection coefficient, as the previous section has 
illustrated. To overcom e the lim itation o f  achieving the maximum  
reflection coefficient, active load pull is substituted to allow  full coverage 
o f  the Smith chart, by com pensating for any losses incurred between the 
device and the measurement system . The load reflection coefficient ( T l )  
can now easily be augmented to 1 or even larger.
The measurement system  illustrated in Figure 5.11 w as used for this 
investigation. The coaxial cable connected to the IF port in the previous 
section is replaced with an arbitrary waveform  generator (AW G), followed  
by an IF power amplifier to inject a signal capable o f  sw eeping the phase 
o f  the IF components.
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Figure 5.11 Schematic of the high power measurement system used to actively load pull the phase of 
IF,.
Figure 5.12 indicates the advantage o f  the active load pull over passive 
load pull, showing full coverage o f  the Smith chart. The active IF load 
pull measurement has been successfully undertaken at different reflection 
coefficient, to determine the effects o f  the low  frequency IF load 
impedance on the linear behaviour o f  the DUT, such as its effect on 
distortion components. IF load pull can also be used to find the optimum 
IF load which might m inim ise the inter-modulation distortion terms.
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Figure 5.12 M easured IF I with phase sweep for 5MHz frequency separation using active load pull.
5.7. Non-Linear High Power Measurement System Test
Validation o f  the performance o f  the non-linear high power measurement 
system required satisfactory calibration. The system  was fully vector- 
error corrected, and could therefore account for any errors introduced due 
to losses, mism atches and imperfect directivities in the system. This 
allowed for the measurement o f  the com plete modulated voltage and 
current waveforms and im pedances, w hich exist at the DU T plane. This 
performance was achieved through the characterisation o f  a 20W  LDMOS 
device at 2.1 GHz using two-tone excitation.
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5.8. Power Transfer Characteristic using Single-Tone 
Measurement Test
Single tone (CW ) measurement provides a basic method o f  evaluating the 
linearity characterisation o f  RF devices. The CW  power sweep, for 
example, is a helpful tool in show ing the m ost comm on parameter 
describes the linearity performance extracted under single tone conditions, 
AM -AM  and AM -PM  distortion along with quantifying the device 1 dB 
compression point.
Demonstration o f  single tone test has been achieved using the non-linear 
high power measurement system  to characterise the 20W  LDMOS device 
performance including its harmonics behaviour under single tone test. 
Figure 5.13 below  shows the output power spectrum o f  the fundamental 
and harmonics obtained from increasing the input pow er at frequency 
stimulus o f  2.1 GHz.
60
Fund —S— 2nd I — 3rd
-80
0 5 10 15 20 25 30
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Figure 5.13 Measured single tone power sweeps a t 2.1 GHz.
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5.9. Power Transfer Characteristic using Two-Tone 
Measurement Test
The measurement system w as again put in a calibrated state to examine 
the relationship between input and output power. In this case, the device 
was biased as class A B and stimulated by a two-tone stimulus frequency 
o f  2098 MHz and 2102 M Hz w hile terminating all ports to 50Q. The 
input power was swept from -5dBm (linear region) to 25 dBm 
(compression) in steps o f  5 dBm. The output pow er o f  a power amplifier 
can not increase indefinitely, so there w ill be a point at which the input 
power increase w ill not produce a corresponding rise in output power.
Figure 5.14 shows the classical power transfer characteristics o f  a 20W 
LDMOS device as a result o f  increasing the input power. A s can be seen 
the output fundamental tone power increased linearly to an input power o f  
approximately 20 dBm before the device started to saturate. The output 
power sweeps revealed a 1 dB com pression point o f  about 33 dBm. The 
measurement system also recorded the non-linear behaviour I M 3  
components (2co 1-0 0 2 ) and (2 cc>2 -coi) generated by the device. A  constant 
increase was observed in the magnitude o f  I M 3  below  a saturation level o f  
33 dBm at which point the device reached its optimum limit, and therefore 
the output power o f  I M 3  began to compress as w as expected. The 
compression point can also be identified by the gain plot as a function o f  
the input power as seen in Figure 5.14, where the gain started to compress 
at an input power equal to 20 dBm. The results indicated the measurement 
system ’s ability to measure behaviour in the device under two-tone 
excitation.
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Figure 5.14 Measured two-tone power sweeps for 4MHz frequency separation.
5.10. Repeatability Test
The measurement system ’s repeatability and accuracy were tested and 
demonstrated using a-20W  LDM OS device characterised at 2.1 GHz for 
tone- spacing o f  1MHz and biased as class A B  using the two-tone 
technique. In the first test, the input power w as sw ept from approximately 
17 dBm to approximately 37 dBm  in 11 steps w ith averaging equal to 64 
(Case 1). In the second test, the same measurement w as repeated but this 
time, the power sw eep’s steps were increased from 11 steps to 41 steps 
with averaging o f  256 (Case 2). This increase in number o f  steps and 
averaging increased the accuracy and hence indicates whether the 
measurement is repeatable or not, in addition, it g ives an indication o f  the 
optimum number o f  steps required for characterising such a high power 
device.
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Figure 5.15 shows the lower output fundamental power ©i and the third 
order inter-modulation distortion lower output power IM D 3L for both 
Cases 1 and 2 o f  a two-tone technique. For plot clarity and the fact that 
they are very similar to coi and IM D 3 L, C02 and IM D 3 H were not included.
It appears from Figure 5.15 that the device performance is w ell defined 
whether using Case 1 or Case 2. H ow ever the difference, in dB, between 
coi (Case 1) and coi (Case 2) is defined as D elta coi w hile the difference 
between IM D 3 L (Case 1) and IM D 3 L (Case 2) is defined as Delta IMD3L 
and shown in Figure 5.16. A s can be seen, D elta coi is better than -12dB at 
and below the 1 dB compression point and better then -34 dB for Delta 
IMD3L. These results validate the measurement system  repeatability. It is 
instructive to determine the required tolerance for input power steps and 
averaging to maintain time efficient measurements. Experimental 
experience showed that the time required for a pow er sw eep with 1 1  
steps and 64 averaging (Case 1) w as approximately 1 hour while for a 
power sweep with 41 steps and 256 averaging (Case 2) was approximately 
6  hours. For efficient time m anagement therefore, it seem s that it is too 
time consuming to perform such a measurement w ith such a high number 
o f  steps and averages. Furthermore, this time issue w ill be further 
compounded when measurements involve a frequency sweep.
Moreover, it is interesting to realise that the 4th generation 20W  LDMOS 
devices biased as class A B , with IF port terminated to short and the other 
ports to 50 Q, do not have IM D sw eet spots (minimum IMD values). 
Unless those sweet spots appear below  the dynamic range o f  the 
measurement system (approximately 50 dB).
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5.15 Measured output power difference for Case 1 and Case 2.
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Figure 5.16 Difference in output power between Case 1 and Case 2.
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In conclusion, an accurate and repeatable measurement system under two- 
tone technique has been demonstrated. The input power increment o f  ldB  
with averaging o f  64 (Case 1) is appropriate since it describes device 
performance very w ell as explained.
5.11. Base-Band Memory Effect Test using Passive Load 
Pull
Examination o f  the measurement system ’s ability to predict the electrical 
base-band memory effect is tested through passive IF load-pull using the 
non-linear load pull measurement system  shown in Figure 5.17. The 
passive IF load-pull system, consisting o f  coaxial cables, was used to 
present a short circuit impedance to the output IFi component, common 
practice for envelope termination [8 ] [7], in order to achieve the predicted 
symmetrical IM D terms. In this measurement the RF fundamental and RF 
harmonics o f  the measurement system  were terminated with the nominal 
impedance o f  10D, while load pulling the fundamental o f  the IF load 
component to a short circuit. This validation is performed on a 20W  
LDMOS device characterised at 2.1 GHz for tw o-tone spacing, 1 MHz and 
5 MHz. The values for the IF load reflection coefficient ( T l ) ,  at the 
reference planes o f  the DUT relating to the tw o m odulation frequencies at 
fixed short load, prove to be interesting. In this measurement, therefore, 
the IF load port o f  the measurement system  w as terminated in the offset- 
short, without load-pull, w hile sw eeping input power for the two different 
modulation frequencies o f  1 M Hz and 5 M Hz.
Figure 5.17 shows the variation in the IF load impedance and hence the IF 
load reflection coefficient (TL) as a function o f  the modulation frequency.
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The magnitude o f  the reflection coefficient could not be brought to a 
complete short circuit because o f  the losses and the delay introduced by 
the system itself. Figure 5.18 show s the measured RF two-tone power as 
well as the output inter-modulation IM D performance as a function o f  both 
the input drive level and the base-band impedance, presented to the drain 
o f  the device for the two modulation frequencies. The measured system 
was able to detect and measure output tones coi, © 2  and IM D components. 
The magnitude o f  the inter-modulation products IM 3 L and IM 3H at tone- 
spacing o f  1 M Hz is different to that one at 5 M Hz. it is difficult to 
determine whether the change in the IM D m agnitude, at constant input 
drive level, is a result o f  the modulation frequency sw eep or due to the 
variation o f  the base-band impedance. H ence, the need to keep one 
variable constant, while sweeping the other.
Figure 5.17 Measured IFi impedance vs. tone-spacing before load pull.
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Figure 5.18 M easured two-tone power sweeps (coi and to2) and IMD3 for two two-tone frequency 
separations before load pull.
The system ’s ability to maintain a constant IF im pedance, demonstrated at 
the output o f  the D U T, w ill be exam ined through passively  load pulling 
the IFi impedances alm ost to a short-circuit, w hile sw eeping input drive 
levels at two-tone spacing o f  1 M H z and 5 M Hz. In this experiment, 
multiple and varying lengths o f  coaxial cables were used to load pull all 
the IFi impedances depicted in Figure 5.19 as c lose  to short (180°) as 
possible.
Figure 5.20 illustrates just how  effective the IF m easurement system is in 
maintaining alm ost constant base-band im pedance, regardless o f  
frequency variations. The im pedance magnitude o f  IFi at 1MHZ was 
found to be about 5.5 0  w h ile  the impedance m agnitude o f  IFi at 5 MHz is 
approximately 1 0
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It is important to realise that the passive load-pull limits the maximum  
achievable magnitude o f  TL due to inherent losses introduced by the 
system and by the coaxial cable used to load-pull the IFi impedances.
Figure.5.20 plots the measured value o f  the output RF two-tone power 
performance (coi and ©2) and o f  inter-modulation distortion IMD3 as a 
function o f  input power level at tw o different modulation frequencies o f  1 
and 5 MHz. A s can be seen from this graph, the behaviour o f  the two 
output tones ( © 1  and ©2) and IM D 3L&H is observed to be approximately 
independent o f  the tone spacing frequency how ever, describing this plot in 
detail is beyond the scope o f  this section and covered in chapter 6 . These 
plots highlight how  useful the m easurem ent system  is in measuring and 
engineering base-band impedance presented at the device plane and 
therefore allow  the investigation o f  m em ory effect.
Figure 5.19 Measured IF! impedance vs. tone-spacing after load pull.
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Figure 5.20 M easured two-tone power sweeps (»! a n d  oo2)  and IM D3 for all two-tone frequency 
separations after load pull.
5.12. Spectrum of Interest for High Power LDMOS Devices
All harmonics with order greater than 3 and all m ixing products with order 
greater than 1 0  are found to be very c lose to the low er dynamic range o f  
the measurement system , resulting in noisy measurem ents at low  drive 
levels. Therefore, the system  calibration w ill be performed for 3 
harmonics and m ixing terms up to the 10th order. This is shown in Figure 
5.21. The measured output pow er w as taken with IFi and IF2  terminated 
to a short. It is clear that the level o f  IM D 9 L defined as 9th in Figure 5.21 
and 3 rd harmonic com ponents are very small; hence it w as not necessary, 
for all measurements performed in this thesis, to calibrate for higher 
harmonics and m ixing orders.
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Figure 5.21 Measured spectrum output power for three harmonics with mixing term s of ten.
5.13. Summary
A  new  high power IF measurement system  has been developed aimed at 
operating over the frequency range 50 kHz to 50 M H z defined by the 
bandwidth o f  the IF bias tee. This bandwidth is an order o f  magnitude 
greater than the modulation bandwidth o f  W -C D M A  system s.
The IF bandwidth o f  the measurement system  can be extended to 
approximately 350 M Hz by replacing the previous bias tee (50 MHz 
bandwidth and 1 0 A ) w ith another bias tee designed on site, to operate at 
2A  and an IF bandwidth o f  350 M Hz. The developed IF measurement 
system provides for both measurement and engineering, via passive and 
active sources and load pull, o f  the IF signals. The realised IF 
measurement system  is capable o f  handling IF power o f  more than 50W. 
The integration o f  the developed high power IF test-set with the high 
power RF measurement system  (100W ) has enabled the investigation o f
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the effects o f  the low  frequency IF terminations and high frequency RF 
terminations on the output RF performance to be initiated. Complete 
verification o f  the measurement system ’s ability to handle all frequency 
bands, especially and m ost importantly IF base-band, has been achieved  
for the first time at these high pow er levels.
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CHAPTER 6
Base-Band Memory Effects in High-Power LDMOS 
Power Amplifiers
All measurements in this thesis work are performed on:
I. Fourth Generation (HV4) 20W  LDMOS.
II. Seventh Generation (HV7) 20W  LDM OD.
III. Seventh Generation (HV7) 12W LDM OD.
Due to external and unforeseen factors relating to the deterioration o f  devices 
used during the research process it was not possible to restrict the work to one 
particular device. Table 1 below  summarises the measurements reported in 
Chapter 6 .
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Table 6.1 W ork sum m ary.
Experiment # Device
Experiment # 1 HV4
Section 5.1 20W
Experiment # 2 HV7
Section 5.2 20W
Experiment # 3 HV7
Section 5.3 20W
Experiment # 4 HV7
Section 5.4 12W
Test 
type
Passive 5.9-10.3Q  
Passive 4.6 -6 .8 H 
Active
Active
IFI IF2 Drain
impedance impedance voltage
Not 
controlled 
Not 
controlled 
short 50 Q
50 n  50 Q
short short
short 50 Q
50 a  50 Q
28V
20V
28V
Tone-spacing
370 kHz to 10 MHz
370 kHz to 10 
MHz
1 to 6 MHz *
28V 370kHz to 7MHz
Memory effects are complex phenomena that present major problems in 
modem high-power linear microwave PA design. Specifically, these effects 
have a large influence on spectral symmetry and modulation frequency 
sensitivity, which in turn impacts an overall linearity and importantly the 
suitability o f  a power amplifier (PA) to linearisation through pre-distortion.
Memory effects in microwave PAs are generally attributable to a number o f  
physical processes that involve thermal [1] [2] [3], electrical [2] [4] and 
surface trap effects [5]. Although electrical memory is generally considered as 
the major contributor, the relative significance o f  the different effects however 
is still not clearly understood. One obvious way to develop a more complete 
understanding is to attempt to remove the most likely contributing factor, and 
to measure and analyse any residual effects due to the others [6 ] [7] [4].
*
See reference [7] in the publication list for baseband memoiy effect investigating for tone-spacing ranging from 1 
MHz to 10 MHz
See reference [3] in the publication list for baseband memory effect investigating for tone-spacing ranging from 1 MHz to
10 MHz
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6.1. Base-Band Memory Effect Investigation using passive 
Load Pull (First Approach)
This measurement is performed on a Freescale forth generation (HV4) 20W  
LDMOS device characterised at 2.1 GHz for tone-spacing ranging between 
0.37MHz and 10MHz. The two-tone measurement was performed with the 
device biased in class AB at a drain voltage o f  28V  and a gate voltage o f  3.6V  
resulting in a quiescent current o f  161 mA.
In this work, simple two-tone modulation and inter-modulation product 
symmetry, as a function o f  varying excitation tone-spacing, is used as a 
reliable indicator o f  the presence o f  memory effects [8 ] [9].
The fundamental and harmonics o f  the measurement system were terminated 
with the nominal impedance o f  10F2 while the IF measurement system was 
used to emulate a simple practical resonant bias network as shown in Figure
6.1. To achieve this, the IF measurement system was used to present a short 
impedance, a common practice for envelope termination [8 ] [ 1 0 ] in order to 
achieve symmetrical IMD terms, to the output IFi component over the 
frequency range from 1 and 2 M Hz (default optimum). The termination at the 
other frequencies was allowed to vary in a manner similar to the case o f  a 
practical bias network.
To the drain
of the (DUT) ^
L
rrrr\
c VDC
Figure 6.1 Simple bias network.
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Figure 6.2 shows the variations in the IFi load impedance, in the case o f  a 
practical bias network, and hence the IF load reflection coefficient (Fl) as a 
function o f  the modulation frequency. The magnitude o f  the reflection 
coefficient could not be brought precisely to short because o f  the losses and 
the delay introduced by the system itself.
Figure 6.2 Measured IF] impedance vs. tone spacing without load pull.
Figure 6.3 shows the measured RF two-tone power performance as a function 
o f both the input drive level and the base-band impedance presented to the 
drain o f  the device for all tone spacing from 0.37M Hz to 10MHz. The 
measured output inter-modulation products, IM 3L and IM3H, are frequency 
dependent and demonstrate all the characteristics o f  memory. The variation in 
the inter-modulation distortion IM 3L and IM 3H, for example, is greater than 1 0  
dB at an input drive level o f  29 dBm at which the device starts to compress.
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This is clearly summarised in Figure 6.4 which plots the measured values o f  
both fundamental output power and inter-modulation distortion IMD3 as a 
function o f  tone-spacing, at a fixed input power level o f  29 dBm. The 
fundamental o f  the output coi and C0 2  remains constant and independent o f  the 
modulation frequency. With regard to the inter-modulation distortion IM3L 
and IM3H, it is clear that the linearisation level (magnitude) o f  IMD3 is 
degraded at a higher tone-spacing frequency. For example, the magnitude o f  
IMD3l&h at tone-spacing o f  1 M Hz is approximately 0  dBm while it is about 
10 dBm at tone-spacing o f  10 MHz. This highlights the complexity o f  bias 
network design.
With regard to the fundamental output power, co 1 and 0 0 2 ,  a maximum 
symmetry was observed at low  tone-spacing frequencies while a difference o f  
approximately 2 dBm is observed at a tone-spacing o f  10 MHz. It is important 
to mention that the difference between the fundamental output power, coi and 
C0 2  as can be seen in Figure 6.4 is correlated and found to be proportional to the 
variation observed in the input power (coim and (0 2 m) as can be seen in Figure 
6.5. Since these two signals are applied at the input o f  a power amplifier, it 
would be expected that the power amplifier would in amplifying these two 
signals and would amplify the difference between them as well. Therefore, 
the asymmetry in the output signals, coi and <x>2, is attributed to the asymmetry 
in the input signals [1 1 ].
However, it is still difficult to distinguish whether the change in the IMD 
magnitude, at constant input drive level, is a result o f  the variation o f  the base­
band impedance or associated with other sources o f  memory effect such as 
thermal or trapping memory.
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Figure 6.3 M easured two-tone power sweeps (wi and w2) for all two-tone frequency separation 
ranging from 0.37 to 10 MHz.
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•i \
IMD3H■ 0""- IMD3L
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Tone-spacing [MHz]
Figure 6.4 Measured fundamental and IMD power vs. Tone-spacing at 30dBm input drive level.
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1 2 30 4 5 6 7 8 109
Tone-spacing [MHz]
Figure 6.5 Measured fundam ental input power (coi and oo2) vs. Tone-spacing.
In the second experiment, the passive IF load pull system was used to emulate 
an ideal bias network, which would have short circuit impedance for all tone- 
spacing ranging between 0.37M H z and 10MHz.
In this passive load pull experiment multiple pieces o f  coaxial cables with 
different lengths were used to load pull all the IFi impedances depicted in 
Figure 6 . 6  as close to short (180°) as possible. It is clear that the impedance 
IFi at 1MHz is very close to 180° and therefore, it would be easy to load this 
point to short with the minimum o f  coaxial cable. In contrast, the situation 
was quite different when dealing with the impedance IFi at 2 MHz located just 
above the 180° axis. It therefore needed to be rotated about 355° around the 
Smith chart in order to bring it to short. Load pulling this point required a very 
long coaxial cable o f  approximately 50 meters, which resulted in maximum 
loss.
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Figure 6 . 6  illustrates just how  effective the IF measurement system is in 
maintaining an almost constant and almost short impedance, regardless o f  
frequency variations.
Using a two-tone signal with different tone spacing from 0.37M Hz to 10MHz 
and an input drive level sweeping from 17dBm to 37dBm, the two-tone output 
fundamentals (coi and 0 0 2) as w ell as the output inter-modulation IMD are 
shown in Figure 6.7. The maximum asymmetry between IM 3L and IM3H at 
input power o f  29 dBm, corresponding to 1 dB compression point, is less than 
3 dB as opposed to an asymmetry o f  lOdB before employing load pull to 
emulate ideal bias network. It was immediately evident, through the lack o f  
output fundamentals (co 1 and C0 2 ) and IMD variations with respect to tone- 
spacing frequency, that electrical memory can be suppressed by designing an 
ideal bias network [8 ] [12] [13]. This is clearly summarised again in Figure 
6 .8 , which plots the measured values o f  both RF fundamental output power 
and inter-modulation distortion IM D 3 as a function o f  tone-spacing, at a fixed 
input power level o f  29 dBm. The fundamental o f  the output coi and C0 2  as 
well as the inter-modulation distortion IM 3L and IM 3H remain constant and 
independent o f  the modulation frequency. Figure 6 . 8  also indicates the 
improvement achieved when designing ideal bias network with constant 
impedance at all modulation frequencies. For example, IM D 3L&H in the case 
o f ideal bias network have been improved by approximately 10 dBm at 10 
MHz in contrast with the simple practical bias network.
It must be taken into account that the passive load-pull limits the maximum 
achievable magnitude o f  TL due to inherent losses introduced by the system 
and by the coaxial cable used to load pull the IF 1 impedances (as mentioned in 
Chapter 5).
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IF1 O.S7MHz«o 1
Figure 6.6 M easured IF X impedance vs. tone spacing using ideal bias network.
W1 - - W2
IM3L IM3H
-10
-20
-30
3530 402520
Pin [dbm]
Figure 6.7 Measured two-tone power sweeps (wx and w2) for all two-tone frequency separations.
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Figure 6.8 Measured fundamental and IMD power vs. Tone-spacing a t 30dBm drive level for both 
practical and ideal bias networks.
It should be mentioned at this stage that the base-band impedance was not 
quite constant for all two-tone spacing (as seen in Figure 6 .6 ). The impedance 
magnitude o f  IFi at 2MHZ is found to be about 10.3 Cl (worst case) while the 
impedance magnitude o f  IFi at 1MHz is around 5.9 Cl (best case).
It is as yet unclear whether the IM D asymmetry o f  3 dB at the 1 dB 
compression point was a result o f  the IF] impedance magnitude variations 
from 5.9 Q to 10.3 Cl, which were introduced by the long coaxial cable 
involved in the previous measurement, or from other sources o f  memory. 
Therefore it was decided to carry out an extra passive load pull measurement 
in which the aim was very consistent base-band impedance (ideally 5.9 Q in 
this passive case) for the whole modulation frequency.
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6.2. Base-Band Memory Effect Investigation using Passive 
Load Pull (Second Approach)
This measurement is performed on a Freescale seventh generation (HV7) 20W  
LDMOS device characterised at 2.1 GHz for tone-spacing ranging between 
0.37MHz to 10MHz. The two-tone measurement was used with the device 
biased in class AB at a drain voltage o f  20V  and a gate voltage o f  2.8 V, 
resulting in a quiescent current o f  151 mA.
In order to minimise the physical length o f  the passive delay elements required 
at IFi, and achieve approximately constant IFi impedance, passive load pull is 
used, with a different procedure to the one used in the previous section. An 
offset-short termination was used for values o f  two-tone spacing between 
0.37MHz and 3 MHz (range-1), whereas an offset-open termination was used 
for values o f  tone-spacing between 4M Hz and 10M Hz (range-2) as can be 
seen in Figure 6.9.
Figure 6.9 M easured IFi impedance vs. tone spacing without load pull.
The length o f  the coaxial cable that needed to be used in this measurement to 
load pull all the IFi components can be calculated using this formula:
Range 2 
4 to 10MHz
Range 1 
0.37 to 3M Hz
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L= * *C 1
360° F V ?
Where:
O = Phase o f IFi in degree 
C = Speed o f  propagation 
F = Frequency o f  IFi
s = Dielectric constant o f  material (equal to 2.3 in the case o f  polyethylene 
material)
1/Vs = Velocity factor
In order to minimise the physical length o f  the passive delay elements required 
at IFi, an offset-short termination was used for values o f  two-tone spacing 
between 0.37MHz and 3M Hz (range-1), whereas an offset-open termination 
was used for values o f  two-tone spacing between 4M Hz and 10MHz (range-2). 
For example, in order to load pull IFi at 4 M Hz using offset short, the length o f  
the coaxial cable would be approximately:
, 356 300000000 1
360° 4000000 y/23
= 50 meters
When using the offset-open instead, the IFi impedance at 4MHz shown in 
Figure 6.9 would rotate by about 180° degree, and therefore, the new required 
length o f the coax cable would be:
T 176 .300000000 1L= -* ------------------== = 25 meters
360° 4000000 V23
Reducing the coaxial cable length to almost half decreases the loss and the 
magnitude o f  the base-band impedance as w ell as reducing the expense. 
Figure 6.10 shows the variation in the base-band impedance magnitude is 
between 4.3-6 . 8  Q and much less than in the previous experiment (5.9-10.3Q).
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Figure 6.10 Measured impedance vs. tone-spacing after load pull.
The base-band impedance variation in this case is less than the variation in the 
previous approach where offset-short termination was used for the whole tone- 
spacing frequency.
Figure 6.11 shows the measured RF two-tone power performance as a 
function o f  input drive level for all tone spacing. The behaviour o f  the two 
output tones (coi and CO2) is clearly almost independent o f  the tone spacing 
frequency.
With regards to the inter-modulation products, IM 3l and IM3h, two distinct 
responses are observed. This is clearly summarised in Figure 6.12, which 
plots the measured value o f  inter-modulation distortion IMD 3  as a function o f
149
High Power Waveform Measurement System Enabling Characterisation of High Power
Devices Including Memory Effects -A.A Alghanim
two-tone spacing, at a fixed input power level o f  about 23.2 dBm. This is 5dB 
below the 1 dB compression point and identified as Pref (see Figure 6.11).
Em
2 ,
3O
CL
W1 W2
IM3L & IM3H 
Range 2
IM3L IM3H
-10
IM3L & IM3H 
Range 1
-20
-30
20
PrefPin [dBm]
Figure 6.11 Measured two-tone power sweeps (w! and w2) for all two-tone frequency separations.
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Figure 6.12 Measured IMD power and delta (the difference between IM 3H and IM 3L) for two 
impedance regions, at different two-tone frequency separations and a t a constant drive level.
The results in Figure 6.11 and Figure 6.12 are completely unexpected and 
differ from those predicted. Even though the base-band impedance (IFi) is 
less frequency dependent when compared with the first approach, a transition 
o f more than 7 dBm in the output IM D 3L&H is presented (see figure 6.12). The 
only difference between the first approach and the second approach is the 
procedure o f  presenting short circuits to IFi components. This transition is in 
direct correlation to the two different passive load-pull regions (offset-short 
termination and offset-open termination). It should be noted that the other 
higher IF components (IF2 , IF3 ...e tc) are generally ignored during memory 
investigations and discussions.
To help understand what causes the variation in results between the first and 
second approaches it was decided to plot the base-band impedance IF2  for both 
cases.
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Figure 6.13 illustrates the measured IF2  components in both approaches. It is 
important to note however that in the first approach, the offset-short 
termination is used for all frequencies ranging from 0.37-10 M Hz and the 1F2  
load presented to the device is low  impedance (as seen in Figure 613(a)). In 
the second approach, however, when the offset-short termination is used 
(range-1), the IF2  load presented to the device is low  impedance. On the other 
hand, when the offset-open termination is used (range-2), the IF2  load 
presented to the device is relatively high impedance. For example, figure 
13(b) shows how the impedance presented to IF2  varies significantly, moving 
around the Smith chart for the two termination cases and values o f  two-tone 
spacing. Interestingly, the second approach, although very effective in 
presenting near constant impedances to IFi, is ineffective in stabilising the 
impedance presented to IF2  and other higher IF components.
(a) (b)
Figure 6.13 M easured IF 2 im pedance for (a) first approach and (b) second approach with two Ranges.
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Figure 6.12 shows that IM D3 is approximately 26 dBc over range-1 and 
approximately 17 dBc over range-2. The transition from region-1 to region-2 
in Figure 6 . 1 2  is a result o f  changing the procedure from offset-short to offset- 
open, as explained earlier. This procedure, which led to the presentation o f  
low IF2  impedance in range 1 and high IF2  impedance in range 2 , caused the 
transition between these tw o ranges. This variation in IF2  impedance is 
considered to be the primary cause o f  the observed variation in I M D 3  response 
where a difference o f  7 dB is observed between range 1 and range 2, 
highlighting just how  important the second base-band component IF2  is [14].
To clarify this, figures 6.14 and 6.15 show the corresponding measured IF 
current components generated by the non-linear behaviour o f  the transistor 
along with the resulting IF voltage components developed by the IF load 
impedances. Clearly it can be seen that the dominant current component is IFi, 
again seen to be highly constant across frequencies due to the control o f the 
corresponding IFi impedance component. However, there is also a significant 
IF2  current component, which when presented with a high enough impedance 
is capable o f  generating a dominant IF2  voltage component. Consequently, IF2  
voltage changes rapidly from 0.73V  to approximately 5.5V  between range 1 
and range 2, resulting in a different IM 3 distortion in the two regions.
To confirm this interpretation, it was necessary to design and manufacture a 
suitable diplexer to separate the tw o IF harmonic components. The achieved 
isolation between IFi and IF2  w as 20dB. Using this approach, the magnitude 
o f  the IF2  reflection coefficient at 1MHz tone-separation shown in Figure 
6.13(b) was now  independently load-pulled towards an open circuit (region-2 ), 
whilst maintaining a constant IFi load. The achieved variation in IF2  
impedance at 1 M H z results in a shift in the IM3L&H value, identified in Figure 
6.12 as IM3L&H@ high impedance, to that consistent with the region 2 values
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achieved at higher tone-separation. This highly controlled elimination o f  the 
I M D 3  variation with tone-separation used is solid evidence o f  the preceding 
interpretation.
The dB scale initially gives the impression o f  having I M D 3  asymmetry in 
range 1, which is investigated further by calculating the difference (delta I M 3 )  
between IM3L and IM 3H in milliwatts (mW ). In absolute terms, the measured 
asymmetry remains largely constant for all values o f  two-tone spacing, 
regardless o f  the existence o f  the two impedance regions, (as seen in Figure 
6 .12).
This result suggests that all significant IF impedance components must be 
controlled and correctly terminated in order to remove the electrical memory.
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Figure 6.14 M easured  ou tp u t b ase-b an d  cu rren t vs. T on e-sp acin g .
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Figure 6.15 M easured IF voltage vs. Tone-spacing.
These measurements demonstrate how  electrical memory introduced by non­
ideal, low frequency base-band impedances represents the most significant 
contributor to overall observed memory effects in high-power LDMOS PA 
design. Suppression o f  electrical memory has been achieved to a certain 
degree through the use o f  passive IF load-pull, and the synthesis and 
presentation o f  frequency invariant IF impedances. U sing this approach, a 
more or less constant spectral symmetry has been demonstrated over a wide 
modulation bandwidth.
Measurements show  that third order inter-modulation behaviour is not only 
dependent on the m ost significant IF component (IFi), but is also very 
sensitive to higher order IF components. This important observation has 
major implications for m odem  PA linearisation techniques, as well as 
requiring careful consideration when designing PA bias networks. The results 
show that the bandwidth over which the base-band impedances must be 
controlled must be extended to at least four times the modulated bandwidth.
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Passive load-pull is simple, cost-effective, has high power-handling capability 
and constant load while sw eeping power. Despite these advantages, passive 
load pull has a limited maximum  IF load reflection coefficient (TLmax). To 
overcome this drawback, the need for better measurement accuracy pushed 
towards IF active load pull which does not have any IF load reflection 
coefficient limitations. A lso  it w ould be important to ensure that the variation 
in the IMD3l&h, which w as observed in the second approach, is fully 
correlated to the variation in the IF2 . This could be achieved by keeping IFi 
constant while sweeping IF2 . Moreover, it would be necessary to use the 
active load pull in order to investigate the cause o f  asymmetry between 
IMD3L&H, which was found to be approximately 3 dB in the frequency range 
o f  0.37-3 MHz, when the second approach was applied regardless o f  whether 
it was related to the variation in IF2  or to another factor (other impedance such 
as harmonic impedances).
6.3. Base-Band Memory Effect Investigation using Active 
Load Pull
In this section, base-band or IF active load-pull is used to provide an effective 
way to engineer all the significant IF components generated as a result o f  
multi-tone excitation, independent o f  modulation frequency. In this approach 
specific IF impedance environments are presented to a device in order to probe 
the sensitivity to IF impedance variations. These investigations are performed 
on a 20W HV7 LDM O S device characterised at 2.1 GHz. In the previous 
section passive IF load-pull was employed in order to control the low- 
frequency impedances presented to the most significant IF components 
generated by a device. This approach however is restricted by a number o f  
factors: firstly the realisable reflection coefficients are limited by the presence 
o f  significant losses associated with both the IF test-set and the physically long 
delay-lines necessary to realise the required offset short terminations. As a
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consequence, the minimum IF impedance realisable using this system was 
approximately 4.3-10.3Q, which is some way from the targeted short circuit. 
This is especially significant considering the relatively low  optimum output 
impedance o f  the high-power LDM OS device employed. Secondly, only one 
IF frequency component could be controlled at any one time. A s a 
consequence, while controlling o f  the most significant IF frequency 
component, the other IF components are terminated in arbitrary impedances, 
making results difficult to interpret.
In this investigation, active IF load-pull has been used to offer fully 
independent control o f  the impedance presented to all the significant IF 
components generated by a 20W  LDM OS device, overcoming all o f  the 
problems associated with the previously described passive approach. Using 
two-tone modulation, the IM 3 inter-modulation products are measured as a 
function o f  varying excitation two-tone spacing and IF impedance. By using 
active IF load-pull to control IF drain impedance, it can be shown that the 
measured IM3 terms are a strong function o f  the IF impedance over 
bandwidths that are at least four times that o f  the modulation frequency.
For a high power device, such as the 20W  LDM OS used in this measurement, 
the IF components generated are large. This is especially true o f  IFi (twice the 
modulation frequency) and IF2  (four times the modulation frequency), the 
most dominant base-band components. The measured output spectrum for a 
two-tone stimulus o f  2098.5 M H z and 2101.5 M H z when RF ports were 
terminated to 10 Q, IF source port to 50 Cl and IF load port in approximately 7 
Q is shown in Figure 6.16. It should be noted that the magnitude o f  the output 
power o f  IF 1 is approximately 31 dBm and is comparable to the magnitude o f  
coi and co2  hence, this signal (IFi) can not be load pulled directly using only an 
arbitrary waveform generator (AW G).
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Figure 6.16 Measured simplified two-tone spectrum  for 20W LDM OS device when RF ports of the 
measurement system were term inated with the nom inal impedance of 1012, IF  source port in 50 12 
and IF load port in 7 12.
In order to actively load-pull these components; an ENI 240L 20 kHz to 10 
MHz, 40W  linear power amplifier w as used to amplify the signal from the 
arbitrary wave generators (AW G ) as seen in Figure 6.17. This integrated 
measurement architecture provides the ability to present, independently, 
specific impedances to the tw o significant IF frequency components, allowing 
for instance a constant IF impedance environment to be maintained across a 
wide IF bandwidth (50 kHz to 50 M Hz) during two-tone excitation.
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Figure 6.17 Schematic of the high power m easurem ent system
To achieve the desired IF impedances active IF load-pull was employed to 
independently engineer different, frequency independent, impedance 
environments at the two significant IF components; IFi and IF2 , defined in 
Figure 6.17. It is important to note that IF2 is not successfully load-pulled for 
modulation frequencies greater than 12 M Hz due to bandwidth limitations o f  
the IF PA. The advantage o f  using active load pull is the ability to keep IF2 
constant for all tone-spacing frequency while observing the device 
performance as a function o f  only IFi, unlike passive load pull when IF2 was 
varying as tone-spacing frequency vary (section 5.1 and 5.2). Therefore, 
termination o f  IF 1 frequency components into a short circuit while fixing IF2  to 
50 Cl would be possible for all tone-spacing ranging between 1 MHz and 6  
MHz. Figure 6.18 illustrates just how effective the IF load-pull is in
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maintaining a frequency independent IFi short circuit impedance over this 
frequency range. The observed variation is very small and can be seen to be 
less than 0.008 in magnitude (Tmax=0.998 and r min=0.99) and approximately 
0.1 degrees in phase over the entire IF bandwidth. This is highlighted in 
Figure 6.18.
IF2 for Tone-spacing 
from 1 to 6 MHz
IF1 for Tone-spacing 
from 1 to 6MHz
Figure 6.18 M easured H ^and IF 2 vs. two-tone frequency spacing.
Figure 6.19 presents the measured two-tone RF spectral power performance 
for the case where a short circuit is presented to IFi and 50 Q  presented to IF2 . 
In this case the two-tone frequency spacing is 2M Hz. This plot shows typical 
behaviour: a 1 : 1  slope for the two fundamental tones and an approximately 
1:2.5 slope for IM 3 inter-modulation components over a power sweep o f  some 
30 dB. It should be noted that the slope o f  IM D 3 indicates that the system  
cannot be com pletely described by the 3rd order polynom ials but should 
consider higher order polynom ials such as the 5th order (see equation 2.12.a).
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Thus, the fifth-degree term at frequencies 3co2 -2coi and 3<x>i-2co2  (IM D5) are 
plotted as well.
Figure 6.20 summarises the IM 3 and IM 5 behaviour for different values o f  
tone-separation ranging between 1 and 6  MHz, at a single drive level (Pref). 
This power level corresponds to a point approximately ldB  below the ldB  
compression point.
The behaviour o f  the two output tones (coi and 0 0 2 ) is clearly observed to be 
almost independent o f  the tone-separation frequency. The observed IMD3 and 
IMD5 responses are found to be modulation frequency independent only 
between 4 and 6  MHz.
It is important to note that the observed variation in IM 3 and IM 5 component 
magnitude observed below  3 M Hz is not related to variation in base-band 
impedance.
W2W1
IMD3HIMD3L
-10
-20
-30 -*-IMD5L -*-IMD5H
-40
f Pref)
Pin [dBm]
Figure 6.19 M easured two-tone pow er sweeps for 2M Hz Tone-spacing w here short circuit is 
presented to IF I and 5012 to IF2.
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Figure 6.20 M easured fundam ental and IM D power a t different Tone-spacing a t a constant drive 
level of ldB  below the ldB  compression point (see P re f in Figure6.19) w here short circuit is 
presented to IFI and 50£2 to IF2.
To help understand this behaviour, figures 6.21 and 6.22 show the 
corresponding measured IF current components generated by the non-linear 
behaviour o f  the transistor along with the resulting IF voltage components 
developed by the IF load impedances. Clearly it can be seen that the dominant 
current component is IFi, which is not constant across frequencies regardless 
o f  the full control o f  the corresponding IFi impedance component. It is 
important to realise that the IFi current shape is almost a mirror to that o f  
I M D 3 & 5  giving a clear indication that it must be linked to the same process that 
is causing the variation observed in I M D 3 & 5  performances. However, with 
regard to IF2  current component, it can be clearly seen that it is small and 
frequency independent but when presented to a sufficiently high impedance 
(50 f l  in this case) it w as capable o f  generating a dominant IF2  voltage 
component. Consequentially, IF2  voltage changes from 1.2V  to approximately 
0.57V between 1 M H z and 6  MHz.
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To ensure that the output fundamental and harmonic impedance presented to 
the device are constant while sweeping frequency and therefore not 
contributing any to the changes observed in IM 3 and IM 5 they are plotted in 
Figure 6.23 and Figure 6.24. With respect to the fundamental output 
impedance (coi and C0 2 ) their magnitudes exhibit only small change and 
moreover, the slope o f  this change is almost constant for the w hole modulation 
frequency and not a mirror to the IM D 3 and IM D 5 behaviour. Regarding the 
second harmonic zone impedances (2 ooi, 2 cc>2 and CO1+CO2  ( I F i h ) )  the measured 
impedance for these three components is largely constant and thus appears not 
to be also the cause o f  the IM D frequency behaviour.
The frequency variation observed below  3 M H z is not related to variation in 
base-band or RF impedance and thus must be associated with other memory 
sources; i.e. thermal, surface trapping, package parasitics.
0.0300.30
0.0250.25
0.0200.20
0.015l(IF1)
l(IF2)
l(IF3)
0.15
0.0100.10
0.0050.05
0 . 0 0 00.00
T one-spacing  [MHz]
Figure 6.21 M easured output base-band cu rren t vs. Tone-spacing.
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6.22 M easured output base-band voltage vs. Tone-spacing.
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Figure 6.23 M easured fundam ental ou tput im pedance vs. Tone-spacing.
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Figure 6.24 M easured secon d  h arm on ic  ou tp u t im p ed an ce  vs. T on e-sp acin g .
Last experiment indicates the device sensitivity to terminating the base-band 
component IFi to short. Variation o f  the I M D 3 & 5  w as observed therefore it 
was decided to do an extra measurement in which all dominant IF will be 
terminated into 50 f l  (using off-set 50Q ) while sw eeping frequency from 1 to 
6  MH on the same device and bias conditions.
Figure 6.25 illustrate the measured IF impedance components (IFi, IF2, IF3 
and IF4 ).
The behaviour o f  the tw o output tones ( c o i  and c o 2 )  and I M D 3 & 5  i s  clearly 
observed to be almost independent o f  two-tone frequency spacing as shown in 
Figure 6.26. This result indicates that i f  an appropriate frequency independent 
constant base-band termination is utilised in the Power Amplifier drain bias 
network no modulation frequency sensitivity in I M 3 & 5  responses would be 
observed [7].
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The observed IMD3 response found to be higher than the one in the previous 
experiment (IFi to short and IF2  to 50) while the observed IM D 5 response was 
found to be improved.
The base-band current and voltage components are shown in Figure 6.27 and 
Figure 6.28 respectively. Clearly it can be seen now  that the all current 
components IFi, IF2  and IF3 , are observed to be very frequency invariant when 
terminated into 50 Q. A lso the base-band voltage VIF2  and VIF3 are constant. 
Regarding VIFi, the magnitude o f  the IFi impedance varies slightly with two- 
tone spacing as shown in Table 2. This small variation in the base-band 
impedance causes the VIFi to vary as shown in Figure 6.28.
Table 6.2 M easured real p a r t of the IF] im pedance for all tone-spacing frequency
Tone-spacing [MHz] 1 2 3 4 5 6
Impedance (real) 57.45 57.35 53.91 50.91 50.7 50.4
Impedance (Imaginary) -7.79 -7.85 -5.1 -3 -2.73 -2.27
It could be said that the IM D performance w ill remain constant with respect to 
two-tone frequency spacing i f  the base-band impedance are large and constant.
For a comparison point o f  v iew , the two cases o f  IF impedance, State 1, where 
50Q is presented to all IF components and State 2, where a short circuit is 
presented to IFi and 50 Cl to IF2  are both plotted in Figure 6.29.
Suppression o f  memory effect has been achieved in the case o f  State 1 at the 
expense o f  higher IM D 3 level; however a device/PA with this behaviour 
would be very attractive to those dealing with linearisation technique.
166
Chapter 6. Base-Band Memory Effects in High-Power LDMOS Power Amplifiers
Reference [15] stated that the linearisability o f  m emory-less device is much 
better than the one o f  devices with memory. This could be the perfect 
application for such a scenario (50 Cl terminations). In contrast state 2 has 
lower values o f  IM 3 inter-modulation distortion. This makes it attractive for 
those applications that w ill not necessary require higher carrier to inter­
modulation ratio.
IF1, IF2, IF3,and IF4 
for Tone-spacing 
from 1 MHz to 7MHz
Figure 6.25 M easured IFu IF2, IF3 and IF 4 vs. Tone-spacing ranging from  1 M H z to 7 MHz.
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Figure 6.26 M easured fundam ental and IM D power a t different Tone-spacing a t a constant drive 
level of ldB  below the ldB  compression point (see P ref in Figure 19) w ith IF j, IF2, IF3 and IF4 
terminated to 5012.
<
4-»ca>
O
0.25
0.20
0.15
0.10
0.05
0.00
- e -  I(IF1) 
-E h- l(IF2) 
-A p- l(IF3)
t j- -s- -B- -B-
■e
■e
Tone-spacing [MHz]
Figure 6.27 M e a s u re d  o u t p u t  b a s e - b a n d  c u r r e n t  v s . T o n e - s p a c in g  with IFj, IF2, IF3 and 
IF4 terminated to 5012.
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Figure 6.28 M easured output base-band vo ltage  vs. T o n e-sp a c in g  with IF1} IF2, IF3 and IF4 
terminated to 50fi.
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Figure 6.29 M easured fundam ental and IMD power for two impedance States a t different tone- 
spacing at a constant drive level of ldB  below the ldB  compression point.
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6.4. Base-Band Memory Effect Investigation using Active 
Load Pull (IFi and IF2 are short)
The main objective o f  this investigation was to present short circuit to both IFi 
and IF2  simultaneously using a Freescale seventh generation (H V7) 12W  
LDMOS device. Termination o f  these frequency components into a short 
circuit would be possible, particularly for tone-spacing ranging between 
0.37MHz and 7MHz. In order to have a decent comparison for the result o f  
this experiment with the previous one (HV7 20W  device) it was decided also 
to present a short to IFi and 50 f l  to IF2 . To achieve this active IF load-pull 
was employed to independently engineer different, frequency independent, 
impedance environments at the two significant IF components; IFi and IF2 .
Figure 6.30 illustrates just how effective the IF load-pull is in maintaining a 
frequency independent IFi and IF2  short circuit impedance.
Figure 6.30 Measured IFI and IF2 vs. tone spacing.
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The measured RF two-tone spectral power performance for the tw o cases o f  IF 
impedance, state 1, where a short circuit is presented to IFi and 50Q  to IF2  and 
state 2, where a short circuit is presented to both IFi and IF2  is shown in Figure 
6.31. A  typical behaviour, 1:1 slope for the two tones and approximately 1:2.4 
for the IM3 inter-modulation components, is observed over a power sweep o f  
some 30 dB. The slope o f  IM 3 w ill not however be 1:3 unless IM 5 inter­
modulation components are set to zero. In this case the two-tone spacing is 5 
MHz. The variation o f  measured IM 3 response as a function o f  IF impedance 
is clearly seen.
Figure 6.32 summarises the IM 3 & 5  behaviour at these two different IF 
impedance states for different values o f  tone spacing ranging between
0.37MHz and 7 MHz, at a single drive level (Pref 1), this power level 
corresponds to a point ldB  below the ldB  compression point.
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- e -IMD3L(state2)
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Pref 2 Pref 1Pin(dBm)
Figure 6.31 M easured two-tone power sweeps for 5MHz frequency separation for both impedance 
states.
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Figure 6.32 M easured fundamental and IMD power for two impedance states (State 1: IFi=0 i l , 
IF2=50 and State 2 IFi=IF2=0S2) at different two-tone frequency separations a t a constant drive level 
of ldB  below the ldB  compression point (see P ref 1 in Figure 31).
The behaviour o f  the two output tones (co j and (0 2 ) is clearly observed to be 
almost independent o f  both the tone spacing frequency and IF termination. In 
the IF impedance state 1 the observed IMD3 response is higher than the 
reference state 2. However, in both cases o f  state 1 and 2 modulation 
frequency independence was only observed between 4 and 7 MHz.
The frequency variation observed below 4 M Hz is not related to variation in 
base-band impedance and thus must be associated with other memory sources;
i.e. thermal, surface trapping, package parasites. This conclusion is consistent 
with observations made in the previous measurement with the 20W  HV7  
device.
W1 (State 1) 
W2(State 1)
W1 (State 2) 
- ♦ - W2(State 2) 
■ »  — +■"
IMD3L(State 1) •••&•• IMD3L(State 2) 
IMD3H(State 1) •••©• • IMD3H(State 2)
............. .. .......
H_____ | Z__— g I ||-j
...........
IMD5L(State 1)-H- IMD5L(State 2) 
IMD5H(State 1)- X - IMD5H(State 2)
172
Chapter 6. Base-Band Memory Effects in High-Power LDMQS Power Amplifiers
To examine the device (12W ) sensitivity toward 50Q  termination and to 
compare its behaviour with the 20W  device, it was decided to plot the 
measured results for the tw o cases o f  IF impedance, state 1, where a 50Q is 
presented to IFi and IF2 and state 2, where a short circuit is presented to both 
IFi and IF2  is shown in Figure 6.33. The overall performance o f  12W device 
is similar to that o f  the 20W  device.
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Figure 6.33 M easured fundam ental and IM D power for two im pedance states (State 1: IF 1=IF2=50ft, 
and State 2 a t different two-tone frequency separations a t a constant drive level of ldB
below the ldB  compression point (Pref).
In order to investigate the repeatability o f  the previous device measurements, 
especially the inter-modulation distortion (IM D 3 &5) behaviour in state 2 when 
both IFi and IF2  were terminated to short, the output power o f  the fundamental 
(coi and co2) and IM D 3 & 5  were measured at different input drive levels o f  6  dB 
below the 1 dB compression point (identified as Pref 2 in Figure 6.31) with a 
short circuit presented to IFi and IF2. A s can be seen from Figure 6.34, the
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similarity between the IM D 3 & 5  behaviour in either case o f  an input power o f  
ldB or an input power o f  6  dB below  the compression point is observed.
W1 - B -  W240
Em■o IMD3L -N-IMD3H
-20
IMD5L -0 - IM D 5H
-40
1 2 3 4 5 70 6
Tone-spacing [MHz]
Figure 6.34 M easured fundam ental and IM D power vs. Tone-spacing a t a constant input drive level 
of 6dB below the 1 dB com pression point.
So far all devices discussed in this thesis have been characterised by the 
magnitude o f  their IM D only in order to describe their behaviour as a memoiy- 
less devices. However, this is only true i f  their phases are also memory-less 
(frequency independent). Because all devices used in this thesis are packaged 
devices, therefore in order to measure their absolute phase they must be first 
de-embedded and this is beyond the scope o f  this work. However, relative 
phase investigations are possible. The absence o f  this package de-embedding 
step makes it impossible to look at the terminal voltage and currents for the RF 
frequency components as was done previously at IF. Phase investigation will 
be restricted only to 12 W  devices used in section 5 .4 since the trend observed 
is the same.
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Figure 6.35 plots the measured values o f  the relative inter-modulation 
IMD3L&H phase when both IF 1 and IF2  were terminated to short as a function 
o f  tone-spacing at a fixed input power level corresponding to a point 6  dB 
below the 1 dB compression point (defined as Pref 2 in Figure 6.31). The 
slope o f  the two output tones (coi and ©2) and IM D 3L&H is approximately 
constant for all two-tone frequency spacing. Therefore, this device can be 
classified as a m em ory-less device and only exhibits a constant group delay.
The phase behaviour w hen both IFi and IF2  were terminated to 50f l  is 
illustrated in Figure 6.36. Again the slope o f  the fundamental and IMD power 
is constant thus, this device does not exhibit memory, only again a constant 
group delay, for frequency ranging from 0.37 M Hz to 7 MHz.
50
W1 W2
IM3HIM3L-50
-100
-150
-200
6 7542 310
Tone-spacing [MHz]
Figure 6.35 M easured fundam ental and IM D phase when term inating IFi and IF2 to short at 
different tone-spacing frequency a t a constant input drive level of 6 dB below the 1 dB compression 
point (defined as P re f 2 in Figure 31).
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Figure 6.36 M easured fundam ental and IM D phase when term inating IF } and IF2 to 50£2 at different 
tone-spacing frequency a t a constant input drive level of 6 dB below the 1 dB compression point 
(defined as P ref 2 in Figure 31).
6.5. Phase Sweep of Base-Band Impedance
So far analysis o f  the base-band impedance magnitude shows that IF 
impedance can considerably influence the device performance and more 
importantly its linearity. In this section investigation into the influence o f  the 
phase o f  IF reflection coefficient at a magnitude o f  unity (at the edge o f  the 
Smith chart) w ill be examined.
Based on the results o f  the previous measurements, an investigation o f  the 
effect o f  the IF base-band impedance, (particularly the most significant 
components IFi and IF2), on the output power and linearity is performed there 
is a need to optimise the base-band impedance environment, rather than to just 
present short circuits [8 ] [10] as is usually assumed. Such an investigation 
would examine and support the observation made in the previous passive and
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active load pull measurement, that IF2  impedance was considered to be the 
primary cause o f  the observed variation in IM D response.
To do this investigation the value o f  the IF2  impedance was varied while fixing 
the IFi at a short circuit for tw o different devices. The variation o f  IMD3& 5 
responses versus IF2  impedance for 12W LDM OS at 5M Hz tone spacing is 
shown in Figure 6.37, and the 20W  LDM OS at 2M H z tone spacing is shown 
in Figure 6.38. These results clearly show that variations in IF2  impedance, 
which is four times the modulation frequency, m odify the levels o f  IM3 & 5  
inter-modulation components. The results also indicated that there is an 
optimum IF2  impedance that m inim ises the IM 3 & 5  terms. The optimum IF2 
impedance for the 12W  device is 135° while phase o f  90° found to optimum 
for the 2 0 W device [16].
- e -  IMD3L 
- S -  IMD3H 
-  A - IMD5L 
\  -  V - IMD5H
N X
- X
-10
315 36027022518013590450
Phase of IF2 [degree]
Figure 6.37 M easured IM D m agnitude vs. phase of IF2 for 5M Hz frequency separation with IFj held 
a constant short for 12W  device.
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Figure 6.38 M easured IM D m agnitude vs. phase of IF2 for 2M Hz frequency separation with IFj held 
a constant short for 20W device.
A  similar response is obtained i f  the IFi impedance is varied while the IF2  
impedance is held constant. The variation o f  IM D 3 & 5  responses versus IFi 
impedance for 12W  LDM O S at 5M Hz tone spacing is shown in Figure 6.39, 
and the 20W  LDM O S at 2M H z tone spacing is shown in Figure 6.40. The 
optimum IFi impedance is not necessary short circuit (0°) but found to be 225° 
for the 12W device and approximately 270° for the 20W  device.
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Figure 6.39 M easured IM D m agnitude vs. phase of IFj for 5M Hz frequency separation with IF2 held 
a constant 5011 for 12W device.
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Figure 6.40 M easured IM D m agnitude vs. phase of IFi for 2M Hz frequency separation with IF2 held 
a constant 5012 for 20W  device.
The results show that not only IFi but also IF2  can modify the value o f  the 
inter-modulation distortion components. Thus to achieve modulation
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frequency independent response the base-band impedance must be engineered 
to be frequency independent over a bandwidth that must be at least four times 
that o f  the modulation frequency. The results also indicate that there are 
separate, optimum IFi and IF2  impedances that can minim ise IM 3 and IM5 
terms simultaneously.
The measurement results also show  optimum base-band impedance is not 
necessarily zero but could probably be a com plex impedance instead. This 
important observation has large implications for m odem  PA linearisation 
techniques, as w ell as requiring careful consideration w hen designing PA bias 
networks. For applications utilising w ide modulation bandwidths this will 
become a serious design constraint.
6.6. Location of Optimum IF Impedance Termination
Initial measurement results clearly indicated that there is an optimum IF 
impedance that is effective in m inim ising IM D 3 & 5  distortion term, and 
suggests that there is a need to optimise the base-band impedance environment. 
These investigations are performed using the previous 2 0 W LDMOS device 
characterised at 2.1 GHz. From the results o f  the previous measurement 
shown in Figure 6.38 it is clear that an optimum IFi impedance resided in a 
region between 225° and 270°. Further ‘probing’ measurements suggested 
that the optimum load w as not actually located at the edge o f  the Smith chart 
but it was found to be in the region identified as ‘Zone-1 ’ in Figure 6.41. In an 
attempt to further investigate this, the next investigation involved a similar 
approach where this tim e the IF2  impedance was fixed at the earlier identified
optimum, see Figure 6.36, o f  , also shown in Figure 6.41.
A  reduction o f  approximately 10 dB in IM D 3 was observed within this region, 
albeit at the expense o f  a significant increase in IM D 5 o f  approximately 12 dB,
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which was not observed in all the previous IFi and IF2  sweeps. It should be 
noted, with regard to Figure 6.38, that there is a weak dependence o f  IM3 on 
phase variation but an extremely strong dependence o f  IM 5. The optimum 
value o f  IM3 is at IF2  phase o f  90 degrees, however, the IM3 degradation is 
only around 3 dBm at IF2  o f  225 degrees. But from IM 5 point o f  view , the 
optimum phase would approximately be between 225 and 270 degrees where 
its value has improved by almost 20 dBm. Therefore, it would be logical 
alternative approach to m ove IF2  toward 225°. Further analysis showed that 
by moving and then maintaining IFi load constant within an experimentally 
determined different zone o f  the Smith chart (Zone-2) and keeping IF2  close 
enough to that Zone (225°), IM D 3 and IM D 5 distortion products could be 
simultaneously reduced by more than 10 dB. Again, this is in comparison to
the previous case where the IFi load was maintained atrL<r< ~ l z -2 7 0  and IF2to 
r LlF2= i z 9 0 °
To confirm that Zone-2 w as indeed the optimum termination for IFi, for the 
high power 20W  LDM O S used, regardless o f  the modulation frequency and 
the power level, it w as decided to perform an extra measurement in which the 
input power was swept for tw o different tone separations, o f  1 and 2 MHz.
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Figure 6.41 P hase sw eep  o f  IFj w h ile  IF 2 k ep t con stan t at 90° degree.
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Figure 6.42 Measured two-tone power sweeps for 1 and 2MHz frequency separation inside zone 2.
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The measured spectral pow er performance for the case where the IFi load
resides within Zone-2 and IF2  load is fixed at a constant rL,F,=1Z90° is shown in 
Figure 6.42. Once again, a typical behaviour o f  1:1 slope for the two tones 
and 1:3 for the IM3 inter-modulation components is observed over a power 
sweep o f  some 10 dB. The behaviour o f  the two fundamental output tones (coi 
and C0 2 ) and IM D 3 is clearly almost independent o f  the tone-separation 
frequency at input pow er equal or greater than the compression point. With 
regards to the magnitude o f  inter-modulation products IM D 5L and IM D5H, they 
are found to be very close to the lower dynamic range o f  the measurement 
system, resulting in noisy measurements at low  drive levels.
Conclusively, terminating the IF 1 component into Zone-2 impedance provided 
the best overall linearity, where both IM D 3 and IM D 5 were found to improve 
by approximately 10 dB. It is worth noting that w hen comparing IMD for 
terminations o f  IF 1-Zone-2 and IF 1-short-circuit (see Figure 6.32), at an equal 
input drive level o f  18dBm  (Pref 1 in Figure 6.31), an improvement o f  more 
than 20dB is achieved for IM D 3L and IM D 3H, and more than 12 dB in the case 
ofIM D 5L.and I M D s h -
This observation is confirmed by the mathematical analysis in [17] which 
indicates that short circuiting base-band impedance does not minimise IM3, 
but alternatively there m ay exist som e base-band com plex impedance which 
could minimise IM3 com ponents [16].
6.7. Effect of Base-Band Impedance on Gain
In addition to linearity gain and effic iency  are needed. To achieve linear 
behaviour, the operating transm it pow er is reduced, typically by around 6  
dB, from the pow er am plifier’s com pression point. There is, however, the 
drawback o f  low ered effic ien cy . H ow ever, there is usually a trade-off 
between linearity and gain, because pow er amplifiers generate large
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distortion w hen operated in gain com pression. In this particular 
investigation, this is not w hat is happening where the optim um  impedance 
for linearity is also optim um  for gain (gain expansion) hence; Inter­
modulation distortion and gain are coupled. Constant gain requires the use 
o f  a highly linear am plifier, w here the inter-m odulation products o f  the 
third and higher order do not com press the device.
Figure 6.43 show s the result o f  the phase sw eep o f  IFi from 0 to 360  
degrees at the edge o f  the Sm ith chart, w ith IF 2  held as a constant at 50Q  
with a two-tone spacing o f  2 M H z for a 20W  L D M O S device. It has been 
possible to achieve an extra gain o f  approxim ately 6  dB at the optimum  
impedance (found to be betw een 225° and 270°). The optim um  impedance 
for linearity how ever is in this case the sam e as for gain. The relation 
between the IM D and gain is generally unrelated. Sim ilar responses were 
obtained w hen IFi im pedance w as kept constant at short w hile the IF2 
impedance was variable. The gain achieved is sm aller in this case, when 
sweeping IF2 , com pared to the previous case w hen IFi w as swept (See 
Figure 6.44). This is to be expected  since the m agnitude o f  IF] is usually 
bigger than the m agnitude o f  the IF2  com ponent.
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Figure 6.43 M easured gain, fundam ental and IM D power vs. phase o f IF } for 2M Hz frequency 
separation with IF2 held a constant 5012 for 20W device.
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Figure 6.44 M easured gain, fundam ental and IM D power vs. phase of IF2 for 2MHz frequency 
separation with IFj held a constant short for 20W  device.
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Another exam ple o f  finding optim um  im pedance for m axim um  linearity 
and gain is show n b elow . In this case, the im pedance o f  IF i w as varied as 
shown in Figure 6 .45 . The location o f  the Zi im pedance found to be the 
one that m inim ise the I M D 3  hence increases the output third-order 
intercept point (IP3). Zi is conveniently the optim um  impedance to 
m axim ise gain and m in im ise inter-m odulation, w h ile  Z 9  deteriorates both 
gain and distortion.
Figure 6.45 Various base-band im pedances presented to the device for optim um  gain.
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Figure 6.46 Measured Gain and IM3L for all different impedances shown in Figure 6.45.
6.8. Effect of Base-Band Impedance on Second Harmonic 
Band
Injection o f  base-band signals to suppress inter-modulation distortion is 
desirable. Experimental measurement using a-12W  LDM OS device 
characterised at 2.1 G Hz for two-tone spacing o f  5M H z and biased as Class 
AB using two-tone technique have been selected to compare two cases o f  IF 
impedance. State 1, where 50 is presented to IFi and IF2  and State 2, where a 
short circuit is presented to IF 1 and IF2 .
The measured RF two-tone second harmonic spectral power for the two cases 
o f  IF impedance is shown in Figure 6.47. It was observed that for State 2, the 
in-band distortions are suppressed while it results in an increase in the out-of- 
band second harmonic distortions. In contrast State 1 is a complete contrast to 
State 2 resulting in an increase in the in-band distortion and a decrease for the 
out-of-band components. These results, therefore, indicates that there is a very
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strong link between the injected base-band signal and the second harmonic 
components.
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Figure 6.47 Measured spectrum  output power for State 1 (5011 presented to IF 1& IF2) and State 
2(short circuit presented to IF i& IF2).
To investigate whether the above observation is valid for the whole bandwidth 
o f interest, it was necessary to sweep the frequency from 0.385 MHz to 7 MHz 
at a constant input power o f  approximately 18 dBm corresponding to a point 
o f 1 dB below the compression point (see Figure 6.31). Plots o f  all second 
harmonic components for both States are shown in Figure 6.48 and Figure 
6.49. With regard to output second harmonic IFih (cDi+a>2 ), an increase o f  
approximately 3 dB, which equals to double the power, is observed for State 2 
over state 1 for all tone-spacing frequency. A lso the second harmonic output 
power o f  2coi and 2co2  were amplified by a rapid increase o f  approximately 9 
dB.
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Figure 6 .4 8  M easured generated second harm onic ou tput pow er o f 2o>i, 2cd2 and <Oi+(a2 for a 12W 
LDMOS device with a short circuit term ination through IF } and IF2 injection using active load pull.
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Figure 6.49 Measured generated second harmonic output power of 2®i, 2co2 and coi+co2 for a 12W
LDMOS device with a 50ft offset termination at IF! and IF2.
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Unlike base-band voltages and currents, second harmonic voltages and 
currents cannot be analysed in the same way due to the fact that all the devices 
that have been used so far in this work are package devices. Therefore, unless 
package de-embedding w as performed, their contribution to the shape o f  the 
waveform is unknown. H owever, the second harmonic voltages and current 
are plotted to show  the impact o f  base-band impedance termination on the 
second harmonic voltages and currents. Figures 6.50 and 6.51, State 2, with 
Figures 6.52 and 6.53, State 1, show  the corresponding measured second 
harmonic output current components generated by the non-linear behaviour o f  
the transistor, as w ell as the resulting second harmonic output voltage 
components developed by their corresponding load impedances. Clearly it can 
be seen that the dominant current component, in the second harmonic zone, is 
IFih (coi+co2 )- However, there are also significant 2oe>i and 2 ce>2 current 
components, which w hen presented with a high enough impedance are 
capable o f  generating dominant 2coi and 2 oc>2 voltage components. Clearly it 
can be seen that the measured second harmonic output voltages and currents 
for State 2 are always greater than the measured second harmonic output 
voltages and currents for State 1, resulting in a second harmonic output power 
increase in the case o f  State 2.
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Figure 6.50 M easured generated second harm onic ou tput cu rren t o f 2tOj, 2co2 and coi+co2 for a 12W 
LDMOS device with a short circuit term ination a t IF t and IF2.
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Figure 6.51 Measured generated second harmonic output voltage of 2(Oj, 2co2 and coi+to2 for a 12W
LDMOS device with a short circuit termination at IF! and IF2.
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Figure 6.52 M easured generated second harm onic output cu rren t of 2coj, 2to2 and tOi+co2 for a 12W 
LDMOS device with a 5012 offset term ination a t IF t and IF2.
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Figure 6.53 Measured generated second harmonic output voltage of 2coi, 2co2 and cdi+g>2 for a 12W
LDMOS device with a 5012 offset termination at IFi and IF2.
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Further research on the impact o f  base-band impedance on the second 
harmonic components w as carried out, where the IFi impedance was varied, 
around the perimeter o f  the Smith chart. The results o f  this measurement are 
shown in Figure 6.54, where it is clear that variations in IFi impedance 
significantly m odify the levels o f  both I M 3  inter-modulation components and 
second harmonic components. A gain the output voltages e.g. IM 3L&H, 2a>i, 
2co2 and coi+cc^are plotted in Figure 6.55, as a function o f  IFi.
The magnitude o f  the second harmonic components reacts to the IFi variations 
in inverse proportion to that o f  the IM 3 inter-modulation components (see 
Figure 6.54 and 55). It could therefore be concluded on the basis o f  this data 
that this behaviour is due to the m ixing process between output components. 
To be more precise, w hen the output fundamental signals m ix with IFi signals, 
there is a possibility that they generate products which are out o f  phase with 
IMD3 (reduction in IM D 3 ) and in phase with second harmonic components 
(increment in 2 coi, 2 <x>2 and CO1+CU2 ).
Consequentially, base-band impedance m odifies not only the level o f  in-band 
distortion components but also m odifies the level o f  out-of-band distortion 
components especially those around the second harmonic o f  the carrier. This 
result again shows the strong link between base-band and second harmonic 
components. These results also show  that optimum base-band impedance for 
the in-band distortion (IM D) is the one that m axim ises the second harmonic 
components.
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Figure 6.54 M easured output pow er o f 12W LDM OS device for IM D3 and 2nd harm onic components
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Figure 6.55 Measured output voltage of 12W LDMOS device for IMD3 and 2nd harmonic components.
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6.9. Effect of Bias Voltage on LDMOS Inter-Modulation
The bias voltage can cause a variation in the inter-modulation distortion 
level and m ay cause asym m etry betw een low er and higher IM components. 
This can be explained using equations (2 .18) and (2 .19) w hich show that 
the valued nonlinearity coeffic ien ts a o ,a i,a 2 ,...an are function o f  the DC  
bias voltage. A n  investigation  o f  the effect o f  the bias voltage is made 
possible by using the h igh  pow er m easurem ent system  with two-tone 
stimulus frequency o f  2 0 9 9  M H z and 2101 M H z, at different input power 
using a 20W L D M O S device . The gate bias voltage w as varied from - 
2.45V  to 3 .1V  in steps o f  0 .0 5 V  at a constant drain voltage o f  28V  over a 
power sw eep o f  som e 30 dB. Figure 6 .56  show s that the terminating 
impedance for the m ost sign ificant IF com ponents (IFi and IF2 ) has been 
successfully held constant for all bias voltage. Figure 6.57 shows the 
output pow er o f  the inter-m odulation distortion IM D 3 as a function o f  
input drive level for all bias voltages. The m axim um  symmetry is 
different from one input pow er to another. For instance, the maximum  
symmetry at input drive lev e l o f  14dBm  is found to be at bias voltage o f  
2.78V  w hile m axim um  sym m etry at input drive leve l o f  18dBm is found 
to be at bias voltage o f  2 .94V . Figure 6 .58 sum m arise the device 
performance at the input drive leve l o f  14 dBm  where m inim um  IM 3 terms 
were observed to be at gate voltage o f  2 .8V  w h ile  the m axim um  symmetry 
(minimum delta) is observed to be at 2 .78V . M oreover, it should be noted 
that at 22dB m  input drive level, where the device  is saturated, an 
asymmetry o f  about 2.5 dB exists for the w hole gate voltage sweep. This 
plot also illustrates a reduction o f  IM 3 term at low  input drive level o f  
approximately 3 dB at bias voltage o f  around 2.8 V.
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Figure 6.56 M easured IFx and IF 2 im pedance for all gate bias voltages with tone-spacing of 2MHz.
0 -  IM3L~*H~ IM3H
Pin [increasing dBm]
2.5 2.6 2.7 2.8 2.9 3.0 3.1
gate voltage [V]
Figure 6.57 M easured fundam ental and IM D power vs. gate voltage for different input drive level at 
tone-spacing frequency o f 2M H z for the IFj and IF2 impedances shown in Figure 6.56.
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Figure 6.58 M easured IM D3 a t a constant input pow er level of 14 dBm and delta IM 3 (AIM3= | IM3L 
-IM 3H | ) as extracted from F igure 6.57.
6.10. Summary
In this chapter it has been demonstrated how  the developed measurement 
system is capable o f  allow ing detailed investigations o f  the linearity and 
related memory behaviour o f  high power transistors to be undertaken now. 
The results achieved provide new  insight into the both intermodulation 
distortion produced by these high power transistors and its sensitivity to the 
terminating impedance environment. The investigation undertaken in this case 
have mainly focused on the sensitivity to the terminating IF impedance at the 
transistor output.
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CHAPTER 7
Conclusion and Future Work
7.1. Conclusion
A  key aim o f  this w ork w as to investigate h ow  to further develop the 
Cardiff waveform  m easurem ent and engineering system s and render them  
suitable for characterising the high pow er RF pow er am plifier under multi- 
tone rather than single-tone (C W ) excitations. It w as identified that a key 
advancement o f  the m easurem ent system  over the previous one was the 
requirement to be able to handle IF pow er o f  approxim ately 100 W, hence 
the need for a new  IF m easurem ent solution. This n ew  IF measurement 
solution, w hen com bined w ith  the existing 100W  RF measurement system, 
should then be able to actively  provide source and/or load pull 
functionality over an approxim ate bandwidth o f  10 kH z to 12 GHz with 
dynamic range o f  about 50 dB. Since, no active IF load and source pull 
measurement solu tions ex isted  w ith this sam e capacity for power they also 
had to be established. This w as successfu lly  achieved delivering a high
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power waveform  m easurem ent and engineering system  w ith the follow ing  
capabilities;
IF SY ST E M RF SY STEM
Bandwidth 50 kH z -  50 M H z 1 G H z -  12 GHz
Current 10A 10A
Voltage 1 0 0 0 V 100 V
Power >  50W >  1 0 0 W
The new  high pow er m ulti-tone w aveform  m easurem ent and engineering 
system, integrating h igh  pow er RF and IF m easurem ent capability has 
been used to investigate nonlinear behaviour, including the base-band 
memory effect, o f  h igh pow er (> 10W ) LD M O S RF pow er amplifiers. A  
key feature o f  this m easurem ent system  is the ability to measure voltage 
and current w aveform s at all relevant frequencies. This feature provides a 
clear picture and inspection  o f  the cause o f  nonlinearity and m emory effect. 
This is particularly seen  in Section  5.2 leading to the discovery o f  the 
importance o f  IF2  com ponents. M oreover, the capability o f  load- pulling 
low  frequency com ponents at high pow er provides an insight into the 
effect o f  the bias netw ork on the overall device performance. For example, 
it has been possib le, through using IF load pull, to suppress electrical base­
band memory e ffect and m easure and analyze any residual effects due to 
other sources.
A  comparison betw een  p assive and active IF load pull for a high power RF 
power am plifier has been presented for the first tim e. This comparison has
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led to the conclusion  that it is very impracticable to passively  load pull 
very low  frequency com ponents. To m y know ledge, this comparison has 
never been reported before. Therefore, the alternative more realistic 
solution for such a problem  is active load pull.
The results confirm ed that electrical m em ory introduced by frequency 
variation o f  the term inating IF im pedances, typically  associated with the 
bias network, tend to be dom inant. In fact it w as show n that base-band 
impedance must be engineered to be frequency independent over a 
bandwidth o f  at least four tim es, not tw ice as com m only believed, that o f  
the modulation frequency, in order to achieve a response independent o f  
modulation frequency.
The measurement sy stem ’s capability in capturing and providing phase 
information allow s optim um  base-band im pedance to be located and 
m inim ises the in-band distortion by more than 20dB , in contrast to 
conventional IF short term ination.
It was also observed that the base-band impedance m odifies not only the level 
o f  in-band, but also m odifies the level o f  out-of-band distortion components, 
especially those around the second harmonic o f  the carrier. These results 
show the strong link between the injected-base-band signal and the second 
harmonic components.
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7 .2 . Future W ork
The measurement system  hardware developed  is capable o f  characterising 
IF signals down to 50 kH z, hence m odulation rates as low  as 25 kHz. 
H owever, due to lim itation in the m ulti-tone sam pler configuration utilised  
during the course o f  this thesis w ork it w as not possib le  to go below  a 
modulation frequency o f  185 kH z (370  kH z o f  tone-spacing). This 
limitation has now  been resolved  and it is currently possib le, therefore, to 
use the m easurem ent system  to investigate thermal m em ory effect 
occurring at low  frequencies (<  100 kH z). This is clear o f  topic o f  major 
interest that can now  be undertaken.
The conclusions drawn from this thesis indicate that, for high power 
transistors, the first tw o IF com ponents are a major contributor in 
m odifying the perform ance o f  inter-m odulation distortion terms. It would  
may be possible therefore, that for even  higher pow er devices than the 
ones used in this work, for exam ple 100W , that the higher IF components 
such as IF3 and IF4  m ay influence the behaviour o f  IM D  in a way which  
ensures they can no longer be ignored. This problem  w ill be compounded 
in the case o f  W im ax P A ’s, w h ich  uses a channel bandwidth o f  23 MHz. 
It means that, i f  the first four base-band com ponents (IFi, IF2 , IF3 and IF4 ) 
are a cause for concern, an IF test-set w ith a bandwidth o f  at least 92 M Hz 
(4*23=92) is needed. The present IF high pow er test-set is scaleable and 
can be easily scaled to 1 G H z provided that there is a bias tee with a 
bandwidth o f  1 G H z. The research work m ade this possib le through the 
on-site design o f  a 2A  bias tee w ith a w ide bandwidth o f  50 kHz to
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approximately 1 GHz. The perform ance o f  this w ide bandwidth bias tee is 
shown in Figure 7.1.
It would be also possib le to m ove from a sim ple tw o-tone stimulus to 
more com plex stim ulation such as three-tone, fou r-tone.. .etc since the 
measurement system  hardware a llow s for such investigations.
It is important to note that it w as not possib le  during this work to load pull 
IF components for m odulation frequencies greater than approximately 12 
M Hz due to the bandwidth lim itations o f  the IF P A  used. To further 
investigate base-band m em ory effect at w ider bandwidth, it is necessary to 
purchase a suitable IF pow er am plifier. This could  be, for exam ple, the 
ENI 50L 1 M H z to 240  M H z, 50W  linear pow er am plifier retailing at 
$4,295 from BEEL ELECTRONICS.
path^PC path
-20
-40
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-80
-100
,9,8,7,6,5,4
1 01 01 0101 010
Frequency [Hz]
Figure 7.1 Measured amplitude frequency response of the 1 GHz bandwidth IF bias.
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The other obvious future w ork is to control the RF im pedance as w ell as 
the IF impedance. Equation (2 .19 ) indicates that it w ould  be possible to 
linearise the D U T  via  second harm onic im pedance variation using RF load 
pull. It is not yet clear h ow  m uch the variation in in-band distortion is 
related to the variation in the second harm onic im pedance (not controlled  
in this work but terminated to a 10Q ). It w ou ld  be important to investigate 
in more detail the im pact o f  second harm onic term ination on in-band 
distortion and possib ly  find a figure o f  merit for the one that has the 
greater impact on it. Is it base-band or second harm onic impedance? It 
was therefore decided to design  a h igh pow er RF am plifier on site to allow  
second harmonic com ponents (2coi, 2©2 and ©1+ ©2) to be load-pulled. The 
performance o f  this pow er am plifier is show n b elow . Figure 7.2 shows 
the measured output pow er as a function o f  both input power and 
bandwidth. This pow er am plifier is capable o f  delivering approximately 
60W  that is relevant to the investigation o f  high pow er devices. Figure 7.3 
demonstrates that the m inim um  gain o f  this pow er amplifier is 
approximately 35 dB.
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Figure 7.2 Designed 50W RF power amplifier for second-harmonic load pull.
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Figure 7.3 M easured output pow er over bandw idth a t d ifferent input pow er ranging from 0 dBm 
( solid curve) to 13 dBm (dotted curve).
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Figure 7.4 Measured output power (left axis) and gain (right axis) at center of bandwidth.
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With this PA it is possib le to use the envelope load pull (see  Figure 7.5 
and Figure 7.6) in order to load pull the second harmonic im pedance and 
observe the performance o f  the device under test. The obvious advantage 
o f  using the second harm onic load pull over the base-band is that it can 
exploit the integrated broadband RF im pedance transformer (see Figure 
5.11) to lower the pow er, in com parison to IF load pull, required for load 
pulling high pow er com ponents.
Circulator Variable
A ttenuator
Phase
Shifter
G enerator
2nd harm onic 
amplifier
PA
Figure 7. 5 Typical closed envelope load pull system.
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Circulator 2nd harmonic
G enerator
amplifier
Signal
G enerator
PADUT
Figure 7. 6 Typical open envelope load pull system.
It would be possib le n ow  to investigate high frequency electrical memory 
effect in addition to lo w  frequency. It w ould  be interesting to use the 
combined RF and IF m easurem ent system  to find a figure o f  merit for both 
the optimum IF and F2nd (second  harm onic) frequency com ponents at the 
same time.
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A measurement test-set for characterisation of high power LDMOS 
transistors including memory effects
A bdurrahm an A lghanim , Johannes Benedikt and Paul Tasker 
C ard iff U niversity , School o f  Engineering, C ard iff CF24 3TF 
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Abstract -T h e  paper presents a test-set enabling precise m easurem ent o f  all signal 
components generated by  a m odulated stim ulus, hence allow ing for device 
characterisations relevant for com m unication systems. The presented test-set utilises two 
different types o f  coupler netw orks to detect the fundam ental and harm onic signal 
components, and the IF signal com ponents, respectively. Furtherm ore, the test-set is 
capable o f  handling pow er levels above 100W  m aking it applicable to devices relevant 
for the basestation market.
1. IN TRO D U C TIO N  
Traditionally, high-frequency m easurem ent system s em ploy C W  signals for 
investigations o f  device characteristics. D evice characterisations at CW  frequencies only 
do not allow for the m easurem ent and investigation o f  im portant device characteristics, 
e.g. memory effects [1]. Spectrum  analyser based system s allow  for the use o f  modulated 
signals, however, due to their lim itations, allow  only for the m easurem ent o f  the spectrum 
magnitudes. Consequently, it is ra ther difficult to u tilise such system s for accurate and 
unam biguous analysis o f  non-linear circuits as a lim ited set o f  m agnitudes can generate 
an infinite am ount o f  current and voltage waveform s.
Interestingly, new  generation o f  non-linear instrum ents is capable o f  detecting 
modulated signals. H ow ever, test-sets utilised w ithin such system s are not suitable for 
modulated signals. For instance, the directional couplers exhibit large bandw idth yet have 
lower cut-off frequencies in the range o f  several hundred m egahertz m aking them 
unsuitable for the detection o f  low -frequency IF signal com ponents. The problem s are 
further com pounded w hen h igh-pow er devices are to be characterised as there are no bias 
tees capable o f  handling the high-pow ers at DC, IF and RF w ith sufficient bandwidth.
2. T E ST -SET  FO R  M O D U LA TED  SIG NA LS 
The proposed test-set is show n in Figure 1 and consists o f  two m ain parts: the RF part 
(upper level) and the IF part (low er level) w hich is identical in both  components 
architecture and principle o f  operation. The two parts are separated by the RF bias tee 
which should have an IF bandw idth  at least an order o f  m agnitude larger than the 
m odulation frequencies used for device characterisation to allow  for the detection o f  the 
fundamental and harm onic signal com ponents o f  the IF signal.
The RF test- set consists o f  tw o directional couplers used to m easure the incident and 
reflected w aveform s w ith  a bandw idth  o f  lG H z-12G H z and two bias tees [2] with the 
same bandw dith and a m axim um  current and voltage handling o f  10A and 100V 
respectively. B oth  com ponents the R F couplers and bias tees are capable o f  handling up 
to 100W CW .
To overcom e the problem  o f  detecting  the low -frequency signal com ponents in the IF 
set, the RF coupler w ere rep laced  w ith com m ercially available directional couplers 
providing the IF test set w ith a bandw idth  o f  lOOKHz-lOOOMHz w ith a m axim um  power
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of 100W CW. The resulting eight separate waves are combined through diplexers, hence 
avoiding the use o f two separate samplers as in [3]. Due to the limited DC handling of the 
IF couplers it was decided to place the IF bias tee in front. However, despite substantial 
efforts it was not possible to source any suitable IF bias tee capable o f handling high DC 
and RF voltage and currents over a large bandwidth. Therefore, it was decided to design 
suitable IF bias tees on site to complete the architecture o f the IF set.
Synthesized
Sweeper
Kl- BiasTee Couplers RF BiasTccCouplers
3rd 2nd
ESQ]
t>
ESGE.SG
Low  Frequency 
Source
Figure 1: Schem atic o f the m easurem ent System
3. IF BIAS TEE REALISATION 
A major driver for the test-set development was the requirement to test high-power 
devices under modulated signal conditions, hence allowing device investigations which 
are relevant for the basestation market. Currently, the dominant device technology is 
LDMOS with commercially available devices delivering maximum output power levels 
of up to 180W at CW conditions. However, it was thought that an immediate step to such 
high powers poses to high o f a risk, bearing in mind that the typical power handling of 
broadband RF test-sets is approximately 20W, and it was decided to set the maximum 
power handling of the test-set under development to 100W CW. The range up to 100W 
CW represents also the largest part o f the high-power device market.
Consequently, the DC and IF requirements for the IF bias tee have been derived for 
the characterisations o f LDMOS devices with a maximum output power of 100W. 
Currently, the typical quiescent bias condition for LDMOS devices is Vd=26-28V while
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the quiescent current can reach 10A, assum ing a 40%  drain efficiency at the maximum 
output power. The C W  pow er at IF frequencies is expected to be lOdB below the RF 
fundamental pow er resu lting  in a m axim um  pow er handling requirem ent for the IF bias 
tee o f 10W. The IF bandw idth  requirem ent was set to 50M Hz w hich is an order o f  
magnitude larger than the m odulation  bandw idth o f  W -CD M A systems. The resulting 
specification for the IF bias tee are sum m arised below:
M axim um  D C current handling: 10A 
M axim um  DC voltage handling: 100V 
DC channel bandw idth: 7kHz 
IF bandwidth: 50M H z 
IF channel m axim um  pow er handling: 10W
The principle architecture o f  a bias tee is show n in Figure 1. It consists o f  just one 
capacitor and one inductor. The inductor represents a low pass filter w hile the capacitor 
represents a high pass filter.
L1
DC+IF _ , DC
C1
IF
Figure 2: Simple bias tee.
However, in order achieve the required perform ance the inductor and capacitor have 
been replaced through h igher order filters. For this purpose, several combinations o f  
filters have been sim ulated using A gilent A D S. O ne exam ple o f  the sim ulated circuits is 
depicted in Figure 3. The best results w ere achieved w ith a C hebyshev filter w ith 0.01 dB 
ripple for the low pass filter and a B utterw orth filter for the high pass filter. The obtained 
optimum circuit has been  realized  using off-the-shelf inductors and capacitors.
Butterworth HPF
X _____
DC+IF <3»-
C2 T  30 nF
a n n  ,100 uH - 
C3 165nF
0
IF_______
Chebyshev LPF
X
L2
, / Y W V j t -
100 uH
L1
100 uH
C 1t  110 nF
Figure 3: Bias tee with practical component’s values.
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3 BIAS TEE M EASUREM EN TS 
The realised IF bias tee has been tested using the 8753E V N A  and the results are 
shown in Figure 4. The transm ission  loss o f  the IF port is better than -3dB for the entire 
frequency range from  30 K H z to 50 M H z and the isolation betw een DC &IF is 37 dB 
minimum. Unfortunately, the available bandw idth o f  the V N A  is only 30 KHz-6 GHz, 
hence is was not possib le to m easure accurately the bandw idth o f  the DC channel. 
Nevertheless, a DC test w as applied on the IF bias tee show ed a dc resistance o f  0.8Q.
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Figure 4: a) Measured transmission of IF port b) return loss of DC port and c) Isolation between DC 
& IF.
4. C O N C LU SIO N S
A new high pow er m easurem ent system  has been developed to  handle RF power o f 
more than 100W and to com bine two system s nam ely RF and IF system  to study the 
effects o f  IF and RF im pedance term inations and electrical m em ory effects on the 
linearity and efficiency o f  h igh- pow er transistors.
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Abstract— Memory effects are complex phenomena that present 
major problems in modern high-power linear microwave PA 
design. Specifically, these effects have a profound influence on 
spectral symmetry and modulation frequency sensitivity, 
consequently impacting overall linearity and most importantly, 
the suitability of a Power Amplifier (PA) to linearisation through 
pre-distortion. This paper presents detailed, two-tone modulated 
measurements that clearly show how electrical memory, 
introduced by non-ideal low-frequency base-band impedances, 
represents the most significant contributor to overall observed 
memory effects in high-power LDMOS PA design. The analysis is 
achieved through the characterisation of a 20W LDMOS device 
at 2.1 GHz using two-tone excitation and a purpose- built, high- 
power measurement system, which enables the collection of both 
RF and IF voltage and current waveforms, together with all 
associated impedances.
I . I n t r o d u c t i o n
The evolution o f 3rd and 4th generation (3G, 4G) mobile 
communication services has generated more concern about the 
development of the communication system. The 3G system is 
based under the International Mobile Telecommunications 
programme (IMT-2000), which employs wideband code 
division multiple access (W -CDM A) and achieves a 
transmission rate o f 2 Mbit/s with a 5-M H z frequency 
bandwidth. The 3rd generation o f mobile communication 
systems is designed for applications such as Internet services, 
e-mail, database retrieval, video telephony, interactive video 
and sound (music and TV).
Despite the enhanced features o f 3G systems, it is still 
evident that a broader bandwidth is required - particularly when 
dealing with full-motion video applications. N ew  mobile 
communication services and applications require a higher data 
bit- rate which demands a greater bandwidth. The 4th 
generation (4G) communication system will be capable o f  
delivering speeds o f 100 Mbit/s and 1 Gbit/s using channel 
bandwidths o f 1.25 to 23 MHz, therefore offering enhanced 
quality (e.g. in multimedia, video and sound).
The radio frequency (RF) power amplifier (PA) in base 
station systems is typically the most costly component. The 
increasing number o f mobile users, combined with growing 
demands for a higher data rate, has pushed the RF designer to
try and exploit allocated bandwidth to its full potential. This 
requires the design o f a linear power amplifier capable of 
producing a linear response over a wide bandwidth. Intensive 
research on the linearity o f  RF power amplifiers in wireless 
communication has become a global concern.
II. LIN EA R ITY  A N D  M EM O R Y  EFFECTS
Linearization techniques can be used to achieve high 
linearities (carrier to intermodulation (C/I) ratio). Memory 
effects, however, which can be defined as changes in the 
amplitude or phase o f  distortion components (IMD) caused by 
changes in modulation frequency (Aco), restrict the linearization 
techniques for devices exhibiting memory [1] [2],
In order to use the entire bandwidth at maximum efficiency, 
RF power amplifiers with a higher carrier to intermodulation 
ratio level and memory-less device performance is necessary. 
For example, the maximum permissible adjacent channel 
leakage ratios (ACLR) for mobile terminals are -33dBc and - 
43dBc for 5 MHz and 10 MHz respectively [3] [4], otherwise 
distortion into adjacent channels and error in detection of the 
desired signal may occur. A typical value of carrier to 
intermodulation ( C /I ) ratio for a linear power amplifier is 30 
dB or more [5] [6],
To meet these challenging standards, circuit designers 
have two major approaches aimed at gaining a higher C/I ratio. 
They may terminate the DUT with an appropriate impedance 
or use one o f  the available linearization techniques.
In this paper the linearity and memory are studied and 
examined via the behavior o f the in-band intermodulation 
distortion (IMD). The main source o f the in-band distortion is 
the out-of-band distortion related to impedances presented at 
either the input or the output o f the device, especially those of 
low frequency impedance (baseband impedance). In order to 
regulate the in-band distortion, the out of-band distortion must 
be controllable (engineered).
Memory effects in microwave PAs are generally 
attributable to a number o f physical processes that involve 
thermal [7], electrical [8] and surface effects [9]. Electrical 
base-band memory effect is generally considered to be the
major contributor and therefore, one obvious way to develop a 
more complete understanding is to attempt to eliminate the 
most likely contributing factor, and to measure and analyse any 
residual effects due to the others.
Full investigation o f electrical memory effect requires a 
thorough examination o f all impedances presented across the 
complete frequency spectral (preferably from DC to some o f 
nRF). Unfortunately current commercial measurement systems 
do not accommodate low frequency impedance due to 
limitations in technology at these frequencies [10] [11] [12].
The difficulty in investigating low  frequencies is 
compounded by the fact that the biasing network should have 
constant, and ideally, zero impedance at all low  frequency (IF) 
ranges. Otherwise, AC voltages may be generated and added 
to the power supply voltage, causing amplitude and/or phase 
modulation, and resulting in asymmetry in the IMD [5] [8]. In 
the case of a 5 MHz W-CDMA signal, for example, such a bias 
network needs to be constant and ideally at zero for at least 
eight decades o f bandwidth. In contrast, designing a matching 
network with consistent impedance for the RF frequency and 
its first 10 harmonics requires only one decade o f  bandwidth. 
This highlights the complexity o f bias network design.
In this work, the measurement o f inter-modulation products 
resulting from two-tone excitation, performed as a function o f  
varying tone-spacing is used as a reliable indicator o f the 
presence of memory effects [13] [14]. The objective o f this 
approach is to eliminate the sources o f  electrical memory and 
thus establish whether the measured 3rd order intermodulation 
distortion (IMD3) levels and symmetry become frequency 
independent over a wide range o f stimulus tone-spacing. This 
is achieved by presenting a low baseband impedance 
environment across a wide modulation bandwidth. Such 
measurements has been made possible by the development and 
fabrication o f a pioneering new modulated waveform  
measurement system which permits the gauging and 
engineering o f all relevant frequency components, i.e. RF, 
baseband and DC [13] [10].
III. M e a s u r e m e n t s  a n d  r e s u l t s
A. Measurement and Result using a Simple Bias Network
Passive load-pull has been employed as a means o f 
engineering the most significant baseband component 
(IFl=w 2-w l) resulting from 2-tone excitation with a tone- 
separation between 0.385 and 10 MHz.
The fundamental and harmonics o f  the measurement 
system were terminated with the nominal impedance o f 10D, 
while the IF measurement system was used to emulate a simple 
practical resonant bias network. To achieve this (see Fig. 1) 
the IF measurement system was used to present short 
impedance to the output IF| component (IF1=w 2-w 1) at 
frequencies 1 and 2 MHz(default optimum) with a view  to 
obtaining symmetrical IMD terms as common practice for 
envelope termination [13] [15] and variation at other
frequencies, as in the case o f a practical bias network.
This measurement is performed on a Freescale 4th 
generation (HV4) 20W  LDMOS device characterized at 2.1 
GHz. The two-tone measurement was used with the device 
biased as Class AB at a drain voltage o f 28V and a gate voltage 
o f 3.6V. resulting to a quiescent current of 161 mA.
Fig. 2 shows the variations in the IF, load impedance, 
within a practical bias network, and therefore the IF load 
reflection coefficient (TL) as a function o f the modulation 
frequency. The magnitude o f the reflection coefficient could 
not be brought precisely to short because o f the losses and the 
delay introduced by the system itself.
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Figure. 2  M easured IFi im pedance vs. T one-spacing with a simple (practical) 
bias network.
Fig. 3 shows the measured RF two-tone power performance 
as a function o f both the input drive level and the base-band 
impedance presented to the drain o f the device for all tone- 
spacing. The measured output inter-modulation products, IM3L 
and IM3H, are frequency dependent and demonstrate all the
characteristics of memory. The variation in the intermodulation 
distortion IM3L and IM3H, for example, is greater then 10 dB at 
an input drive level of 29 dBm: a point at which the device 
starts to compress. This is clearly summarized in Fig. 4, where 
measured values are plotted, illustrating both fundamental 
output power and inter-modulation distortion IM D3 as a 
function o f tone-spacing, at a fixed input power level o f 29 
dBm. With regard to the intermodulation distortion IM3L and 
1M3h, it is clear that the carrier to intermodulation ratio of 
IMD3 degrades at a higher tone-spacing frequency. For 
example, the magnitude o f IMD3L&H at a tone-spacing o f  1 
MHz is approximately 0 dBm while it is approximately 10 
dBm at a tone-spacing o f 10 MHz. This highlights the 
shortcomings of the simple bias network and the complexity o f  
bias network design. However, Fig. 4 also indicates that it 
would be possible to have approximately frequency 
independent inter-modulation distortion (IM D3) for modulation 
frequency ranging from 1 to 7 MHz regardless o f  the variation 
in the baseband impedance (see Fig. 2). This baseband 
impedance variation is the tolerance that the bias network 
designer could have.
As far as fundamental output power is concerned, coj and 
to2, maximum symmetry was observed at low  tone-spacing 
frequencies, while a difference o f  approximately 2 dBm is 
observed at a tone-spacing o f 10 MHz (see Fig. 4). It is 
important to mention that the difference between the 
fundamental output power, coi and « 2 demonstrated in Fig. 4 is 
correlative and found to be proportional to the variation 
observed in the input power (a>iin and ro2in) illustrated in Fig. 5. 
Since these two signals vary at the device reference plane 
(adjusted to have the same magnitude from the ESG but they 
varied as they hit the device input) and are applied at the input 
of a power amplifier, it could therefore be expected that the 
power amplifier would amplify these two signals as well as the 
difference between them. Consequently, the asymmetry in the 
output signals, coi and io2, is attributed to the asymmetry in the 
input signals.
However, it is still difficult to distinguish whether the 
change in IMD magnitude, at constant input drive level, is a 
result of the variation o f the base-band impedance or associated 
with other sources o f memory effect such as thermal or 
trapping memory.
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Figure 3 Measured tw o-tone power sw eep s (w , and w 2) for all tone-spacing  
frequency, ranging from  0 .37M H z to 10 M H z.
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B. Measurement and Results using an Ideal Bias Network
In the second experiment, the passive IF load pull system 
was used to emulate an ideal bias network, predicted to have 
short circuit impedance for all tone-spacing ranging from 
037M Hz and 10MHz.
Fig. 6 illustrates the ideal bias network performance, which 
is almost constant and almost short impedance, regardless of 
frequency variations.
The two-tone output fundamentals (coj and co2) as well as 
the output inter-modulation IMD are shown in Fig. 7. The 
maximum asymmetry between IM3L and IM3H at an input 
power o f  29 dBm, corresponding to a ldB compression point, 
is less than 3 dB as opposed to an asymmetry o f lOdB (for the 
simple bias network) before an ideal bias network was 
emulated. It was initially evident, that due to the lack of output 
fundamentals (ooj and co2) and IMD variations regarding tone- 
spacing frequency, the memory can be suppressed by designing 
ideal bias networks[13] [16] [17]. This is clearly summarized 
again in Fig. 8 which plots the measured values o f both 
fundamental output power and inter-modulation distortion
IMD3 as a function o f tone-spacing, at a fixed input power 
level of 29 dBm for both bias networks. The fundamental o f  
the output o)i and co2 as well as the intermodulation distortion 
IM3L and IM3H remain constant and independent o f the 
modulation frequency for the ideal bias network. Fig. 8 also 
indicates the improvement achieved when designing an ideal 
bias network with constant impedance at all modulation 
frequencies. For example, IMD3L&H, in the case o f ideal bias 
network, have been improved by approximately 10 dBm at 10 
MHz in contrast with the simple bias network.
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Figure. 8 M easured fundam ental and IM D power vs. Tone-spacing at 30dBm  
drive level for both practical and ideal bias networks.
IV. C O N C LU SIO N S
This paper presents detailed two-tone modulated 
measurements. These measurements clearly demonstrate how 
electrical memory, introduced by non-ideal low-frequency 
base-band impedances, represent the most significant factors in 
overall observed memory effects related to high-power 
LDMOS PA design. Suppression of electrical memory has 
been achieved through the use o f passive IF load-pull to 
emulate an ideal bias network, and the synthesis and 
presentation o f frequency invariant IF impedances. Using this 
approach, a constant spectral symmetry has been demonstrated 
over a wide modulation bandwidth.
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Abstract— Memory effects are complex phenomena that present 
major problems in modern high-power linear microwave PA 
design. Specifically, these effects have a large influence on 
spectral symmetry and modulation frequency sensitivity which in 
turn impacts overall linearity and importantly the suitability of a 
Power Amplifier (PA) to linearisation through pre-distortion. 
This paper presents detailed two-tone modulated measurements 
that clearly show how electrical memory introduced by non-ideal 
low-frequency base-band impedances represent the most 
significant contributor to overall observed memory effects in 
high-power LDMOS PA design.
The analysis is achieved through the characterisation of a 20W 
LDMOS device at 2.1 GHz using two-tone excitation and a 
purpose built high-power measurement system that allows the 
collection of both RF and IF voltage and current waveforms 
along with all associated impedances.
I. Introduction 
Memory effects in microwave PAs are generally 
attributable to a number o f physical processes that involve 
thermal [1], electrical [2] and surface effects [3]. Although 
electrical memory is generally considered as the major 
contributor, the relative significance o f the different effects is 
however still not clearly understood. One obvious way to 
develop a more complete understanding is to attempt to 
remove the most likely contributing factor, and to measure 
and analyse any residual effects due to the others.
In this work, and for the first time at high power levels, 
simple two-tone modulation and inter-modulation product 
symmetry as a function o f varying excitation tone-spacing is 
used as reliable indicator o f the presence o f memory effects [4, 
5]. Using this approach, it can be shown that by controlling 
the sources of base-band electrical memory and specifically  
by using passive IF load-pull to maintain a constant IF 
impedance environment for a wide range o f  two-tone stimulus 
frequency separations, the measured IM3 terms remain largely 
symmetrical and tone spacing invariant.
II. Measurement system  
This investigation has been made possible by the 
development of a novel high-power modulated waveform  
measurement system that allows the observation and control 
of all relevant frequency components (RF, IF and DC) [4, 6]. 
The developed measurement system is capable o f handling IF 
and RF power levels in excess o f  100W which makes it
particularly relevant to the characterisation o f devices used in
mobile communications system base-station applications.
RF RF 
Couplers BiasT
RF-IF Dipl execs
RF Source 
pull
4-channel Microwave Sampling 
Oscilloscope
IF S o iree  IF Load
pull pull
Fig 1 Schem atic o f  the high power measurement system
The measurement system itself is shown in Figure 1 and 
consists o f two main entities: the RF test-set (upper level) and 
the IF test-set (lower level) which are identical in terms of 
both component architecture and principle o f operation.
The architecture incorporates combined IF and RF 
capabilities allowing the collection o f all four travelling waves 
at both IF and RF frequencies. Diplexing the coupled RF and 
IF components o f  the signal prior to measurement is a key 
feature, and ensures phase coherence between measured IF 
and RF components. The system is fully vector-error 
corrected, and can therefore account for any errors introduced 
due to losses, mismatches and imperfect directivities in the 
system, thus allowing for the measurement of the complete 
modulated voltage and current waveforms and impedances 
that exist at the DUT plane.
Whereas the RF test-set is made up of off-the-shelf 
components, it was not possible to source an IF bias-tee 
possessing the combined DC current, RF power and 
bandwidth capabilities required. It was necessary therefore to 
design and manufacture suitable bias networks in-house to 
meet the required criteria and to allow the measurements 
discussed in this paper. This completed the measurement
978-2-87487-001-9 © 2007 EuMA 48 October 2007, Munich Germany
architecture and provides the ability to present specific 
impedances to the significant IF frequency components, 
allowing for instance a near constant IF impedance 
environment to be maintained across a wide IF bandwidth 
during two-tone excitation.
III. M E A SU R E M E N T  R E SU L T S  
Active harmonic load-pull is a relatively simple concept 
and is effective in allowing the presentation o f  specific loads 
to specific frequency components generated by a device [7]. 
Presenting constant IF and RF loads actively across wide 
modulation bandwidths is however extremely difficult in 
comparison, and fraught with complexity. For the 
measurements presented in this paper, input and output RF 
impedances were established at 10 Ohms using broad-band 
5:1 impedance transformers [8].
Amplitude
L
DC & IF
IFI
1 L IF2
t \ \
RF (fundamental) 
W I W2 
H
Second harmonic
IM3L IM3H
LLLL
s g  i i  S i  3 3 3
s |  is i ~ 5
Fig 2 sim plified  tw o-tone spectrum
In terms of IF, and with reference to fig-2, passive load-pull 
was employed as a means o f presenting a near short to IFi - 
the most significant IF component, for tone-spacing ranging 
between 1MHz and 9MHz. In order to minimise the physical 
length o f  the passive delay elements required at IF!, an offset- 
short termination was used for values o f  tone-spacing between  
1MHz and 3MHz (range-1), whereas an offset-open  
termination was used for values o f  tone-spacing between  
4MHz and 9MHz (range-2). It is important and interesting to 
note however that this approach, although very effective in 
presenting near constant impedances to IFi is ineffective in 
stabilising the impedance presented to IF2 and other, higher IF 
components that are generally ignored during memory 
investigations and discussions. For example, figure 3 shows 
how the impedance presented to IF2 varies significantly, 
moving around the Smith chart for the two termination cases 
and values of tone spacing.
It is important to note however that when the offset-short 
termination is used (range-1), the IF2 load presented to the 
device is low  impedance, whereas when the offset-open  
termination is used (range-2), the IF2 load presented to the 
device is relatively high impedance.
Fig. 4 shows the measured RF two-tone power performance 
as a function o f input drive level for all tone spacing. The 
behaviour o f the two output tones (w i and w 2) is clearly 
almost independent o f  the tone spacing frequency.
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With regards to the inter-modulation products, IM3L and 
IM3H, two distinct responses are observed. This is clearly 
summarized in fig. 5 which plots the measured value o f inter­
modulation distortion ratio IMR3 as a function o f tone- 
spacing, at a fixed input power level o f about 23.2 dBm which
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is 5dB below the 1 dB compression point and identified as 
Pref (see fig4). As can be seen from this graph, two distinct 
regions are observed correlating directly to the two different 
passive load-pull regions. IMR3 is approximately 26 dB over 
range-1 and approximately 17 dB over range-2. This 
symmetry and a lack o f any variation with tone separation 
frequency is a clear indication o f the absence o f memory 
effect in an environment where IF impedances are frequency 
invariant. The results show clearly that the variation o f  the 
impedance of the higher orders IF terms, which in this passive 
load-pull case are not deliberately controlled, contribute 
significantly to the observed variation over frequency.
To help understand this, figures 6 and 7 show the 
corresponding measured IF current components generated by 
the non-linear behavior o f the transistor along with the 
resulting IF voltage components developed by the IF load 
impedances. Clearly it can be seen that the dominant current 
component is IFj, again seen to be very frequency invariant 
due to the control o f the corresponding IF impedance 
component. However, there is also a significant IF2 current 
component, which when presented with a high enough 
impedance is capable o f generating a dominant IF2 voltage 
component. Consequentially, IF2 voltage changes rapidly 
from 0.73V to about 5.5V between range 1 and range 2, 
resulting in a different IM3 distortion in the two regions. This 
result suggests that all significant IF impedance components 
must be controlled and correctly terminated in order to 
remove the electrical memory.
0.5
0.4 -
SL 0.3
0.2 ■
085 $ 71 3 42
Tone-S pacing [Mtz]
Fig 6 Measured IF current vs. T on e-S pacin g
6
VF15
VF2
4 VF3
3
2
1
0
1 2 3 4 5 6 7 8 0
Tone-Spacing [MHz]
Fig 7 M easured IF voltage vs. Tone-Spacing.
IV. C o n c l u s i o n s  
This paper presents detailed two-tone modulated 
measurements using a combined RF-IF measurement system. 
These measurements clearly demonstrates how electrical 
memory introduced by non-ideal low-frequency base-band 
impedances represent the most significant contributor to 
overall observed memory effects in high-power LDMOS PA 
design. Suppression o f  electrical memory has been achieved 
through the use o f passive IF load-pull, and the synthesis and 
presentation o f frequency invariant IF impedances. Using this 
approach, a constant spectral symmetry has been 
demonstrated over a wide modulation bandwidth.
Measurements show that third order inter-modulation 
behaviour is not only dependent on the most significant IF 
component (IFi), but is also very sensitive to higher order IF 
components. This important observation has large 
implications for m odem  PA linearisation techniques, as well 
as requiring careful consideration when designing PA bias 
networks.
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Sensitivity of electrical baseband  m em ory 
effects to  higher-order IF com ponen ts for 
high-power LDMOS pow er am plifiers
A. Alghanim, J. Lees, T. Williams, J. Benedikt and P. J. Tasker
Memory effects are complex phenomena that present major design pro­
blems in modem high-power microwave power amplifier (PA) design, 
having a large influence on the suitability o f  a PA to linearisation 
through pre-distortion. Presented are detailed modulated measurements 
that clearly show how baseband electrical memory, introduced by the 
baseband impedance presented to the device, is by far the most signifi­
cant contributor to overall observed memory effects in a high-power 
LDMOS PA design. These investigations are performed on a 20W  
LDMOS device characterised at 2.1 GHz within a purpose-built, 
high-power measurement system.
Introduction: Memory effects in microwave power amplifiers (PAs) are 
generally attributable to a number of physical processes that involve 
thermal [1], electrical [2] and surface effects [3 j. Although baseband 
electrical memory is generally considered as the major contributor, the 
relative significance of the various effects is however still not clearly 
understood. One obvious way to gain further understanding is to sup­
press the most likely contributor, and observe the remaining residual 
effects.
In this Letter, the measurement of inter-modulation products resulting 
from two-tone excitation, performed as a function of varying tone-sep- 
aration, is used as a reliable indicator of the presence of memory effects 
[4, 5]. The objective of this approach is to eliminate the sources of elec­
trical memory and thus observe if the measured third-order intermodula­
tion distortion (IMD3) levels and symmetry become frequency 
independent over a wide range of stimulus tone-separation. This is 
achieved by presenting a low baseband impedance environment across 
a wide modulation bandwidth. This type of measurement has been 
made possible by the development and fabrication of a novel modulated 
waveform measurement system that allows the measurement and engin­
eering of all relevant frequency components, i.e. RF, baseband and DC 
[4. 6).
Measurement and results: Passive load-pull has been employed as a 
means of engineering and presenting a near short to the most significant 
baseband component (IFI =  w2—wl) resulting from two-tone exci­
tation with a tone-separation between 1 and 9 MHz. To minimise the 
physical length of the necessary passive delay elements, an offset- 
short termination has been used for tone-separation between 1 and 
3 MHz (region-1), whereas an offset-open termination has been used 
for tone-separation between 4 and 9 MHz (region-2). It is important to 
note that this approach, although very effective in presenting constant 
impedance to IFI, is less effective in controlling the impedances pre­
sented to the generally overlooked higher frequency baseband com­
ponents, such as the second-harmonic baseband component IF2 =  
2(w2 — wl). This is illustrated in Fig. 1, where the impedance presented 
to IF2 is observed to differ significantly for the two cases of termination.
Fig. 1 Measured IF/ AND IF2 impedances against tone-separation
Fig. 2 shows measured RF two-tone power performance against tone- 
separation, at a fixed input power level of 5 dB below the 1 dB com­
pression point, where it is clear that the behaviour of the two output
tones (wl and w2) is almost independent of the tone separation. 
Moreover, Fig. 2 presents the measured third-order intermodulation dis­
tortion products IMD3L and IMD3H, where two distinct regions are 
observed correlating directly to the two different passive load-pull 
regions. The measured IMD3 products are approximately 3 dBm in 
region-1 and 12 dBm in region-2.
! > * -|  * -
«■ -10:
ton*-sepnmtion, MH«
Fig. 2 Measured fundamental, IMD power and asymmetry for two impe­
dance regions, at different two-tone frequency separations and at constant 
drive level
- -*>« - Wl
-  - W2
— * — IMD3L 
— e —  IMD3H  
——O—— Delta IMD3
The measured asymmetry (Delta IMD3), which is defined as the 
difference in mW between IMD3H and IMD3L remains largely constant 
for all values of tone separation, regardless of the existence of the two 
impedance regions.
This result clearly shows that it is variation of the impedance at the 
second-harmonic baseband component, which was not controlled, that 
accounts for the observed variation, i.e. electrical memory, in IMD3 
response with tone-separation used. To help understand this, Figs. 3 
and 4 show the corresponding measured IF current components gener­
ated by the nonlinear behaviour of the transistor along with the resulting 
IF voltage components developed by the IF load impedances. It can be 
seen that the dominant current component IFI is clearly frequency invar­
iant due to the control of the corresponding IF impedance component. 
However, there is also a significant IF2 current component, which 
when presented with a high enough impedance, is capable of generating 
the dominant IF2 voltage component shown in Fig. 4.
0.6-j
0 .4 -
0.2-
i I • ------« , x
3 4 02 5 6 7 81
tone-separation, MHz
Fig. 3 Measured IF current against tone-separation (MHz)
~dt— I(IF1)-m~ i(iF2)
I(IF3)
To confirm this interpretation, it was necessary to design and manu­
facture a suitable diplexer to separate the two IF harmonic components. 
The achieved isolation between IFI and IF2 was 20 dB. Using this 
approach, the magnitude of the IF2 reflection coefficient at 1 MHz 
tone-separation shown in Fig. 1 was now independently load-pulled 
towards an open circuit (region-2), while maintaining a constant IFI 
load. The achieved variation in IF2 impedance at 1 MHz results in a 
shift in the IM3L and H value, identified in Fig. 2 as IM3L&H at 
high impedance, to that consistent with the region 2 values achieved 
at higher tone-separation. This highly controlled elimination of the 
IMD3 variation with tone-separation used is solid evidence of the pre­
ceding interpretation.
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Fig. 4  Measured IF voltage against tone-separation (MHz)
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T his result clearly  sh ow s that variation s in  IF2 as w e ll a s IFI load  
im pedance can sign ificantly  m o d ify  th e  le v e ls  o f  IM D 3 co m p o n en ts. 
Thus, to ach ieve a m odulation  freq u en cy  in d ep en d en t re sp o n se , th e  
baseband im p ed an ce m ust b e  en g in eered  to  b e  freq u en cy  in d ep en d en t  
over a bandw idth  that m ust b e  n o t tw ic e , as p re v io u s ly  a ssu m ed , but  
at least four tim es that o f  the m od u la tion  freq u en cy , i.e . tw ic e  th e ton e  
separation.
Conclusions: In this Letter, it is  sh o w n  h o w  it is  p o ss ib le  to  ex p er im en ­
tally  validate and dem onstrate the d ep en d e n c e  o f  e lectr ica l m em o ry  
effec ts on baseband im p ed an ce. It h as b een  sh o w n  that the p o w e r  
lev e ls  and therefore the freq u en cy  d ep en d en ce  o f  in ter -m od u lation  d is ­
tortion is n ot on ly  d ep en dent o n  th e im p ed an ce  p resen ted  to  the m o st  
sign ificant baseband  com p on en t IFI b u t a lso  h ig h er  b aseb an d  freq u en cy  
com ponents. H en ce, sup p ression  o f  th e  e lectr ica l m em o ry  e ffe c ts , i.e . 
elim ination  o f  the freq u en cy  d ep en d en ce  o f  IM D  co m p o n en ts , requires  
control o f  baseban d  im p ed an ce over  a  m u ch  larger b an d w id th  than
p rev iou sly  con sid ered . T h e im p lication  o f  th is is  sign ificant, esp ecia lly  
w h en  d es ig n in g  P A  b ias n etw ork s for applications u tilising  w id e m odu­
lation b and w id th s such  as W iM A X .
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Using active IF load-pull to investigate electrical base­
band induced memory effects in high-power LDMOS 
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Abstract—  Memory effects are generally attributable to 
thermal, electrical, packaging and/ or surface effects. This 
behaviour in turn  impacts overall linearity and im portantly the 
suitability of a Power Amplifier (PA) to linearisation through 
pre-distortion. It is assumed that electrical memory introduced 
by the low-frequency baseband impedance environments 
associated with the power amplifier bias insertion networks 
being frequency dependent represents a significant contributor 
to overall observed memory effects in high-power LDMOS PA 
design. In this work, baseband or IF active load-pull is used to 
provide an effective way to engineer all the significant IF  
components generated as a result of multi-tone excitation, 
independent of modulation frequency. Specific IF impedance 
environments are presented to a device with this approach in 
order to probe the sensitivity to IF impedance variations. 
These investigations are performed on a 12W LDMOS device 
characterised at 2.1 GHz within a purpose built, high-power 
measurement system, that allows the collection of both RF and 
IF voltage and current waveforms along with all associated 
impedances.
I . In t r o d u c t i o n
One approach in developing understanding o f memory 
effects in microwave PAs is to analyze and control the most 
likely contributing factors, frequency varying IF impedance. 
Previous work[l] employed passive IF load-pull in order to 
control the low-frequency impedances presented to the most 
significant IF components generated by a device. This 
approach however is restricted by a number o f factors: firstly 
the realisable reflection coefficients are limited by the 
presence of significant losses associated with both the IF 
test-set and the physically long delay-lines necessary to 
realize the required necessary offset short terminations. As a 
consequence, the minimum IF impedance realizable using 
this system was approximately IQ., which is some way from 
a short circuit. This is especially true considering the 
relatively low optimum output impedance o f the high-power 
LDMOS device employed. Secondly, only one IF frequency 
component could be controlled at any one time. As a 
consequence, while controlling o f the most significant IF 
frequency component, the other IF components are 
terminated in arbitrary impedances, making results difficult 
to interpret.
In this work, and for the first time at power levels 
relevant to base-station PA design, active IF load-pull has 
been used to offer fully independent control o f the
impedance presented to all the significant IF components 
generated by a 12W LDMOS device, overcoming all o f the 
problems associated with the previously described passive 
approach. Using two-tone modulation, the IM3 inter­
modulation products are measured as a function o f varying 
excitation tone-spacing and IF impedance. By using active IF 
load-pull to control IF drain impedance, it can be shown that 
the measured IM3 terms are a strong function of the IF 
impedance over bandwidths that are at leased four times that 
o f the modulation frequency.
II. M e a s u r e m e n t  S y s t e m
This investigation has been made possible by the 
development o f a novel high-power modulated waveform 
measurement system that allows the observation and control 
o f all relevant frequency components (RF, IF and DC) [2, 3]. 
The developed measurement system is capable of handling 
IF and RF power levels in excess o f 100W which makes it 
particularly relevant to the characterization of devices used 
in mobile communications system base-station applications.
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Figure 1 Schem atic o f  the high power measurement system
The measurement system itself is shown in fig 1 and 
consists of two main entities: the RF test-set (upper level) 
and the IF test-set (upper level) and (lower level) which are 
identical both in terms o f component architecture and 
principle o f operation.
The architecture incorporates combined IF and RF 
capabilities allowing the collection o f  all four traveling 
waves at both IF and RF frequencies. Diplexing the coupled 
RF and IF components o f the signal prior to measurement is 
a key feature, and ensures phase coherence between 
measured IF and RF components. The system is fully 
vector-error corrected, and can therefore account for any 
errors introduced due to losses, mismatches and imperfect 
directivities in the system, thus allowing for the 
measurement of the complete modulated voltage and current 
waveforms and impedances that exist at the DUT plane. 
Whereas the RF test-set is made up o f  off-the-shelf 
components, it was not possible to source an IF bias-tee 
possessing the combined DC current, RF power and 
bandwidth capabilities required. It was necessary therefore 
to design and manufacture suitable bias networks in-house 
to meet the required criteria and to allow the measurements 
discussed in this paper. In addition, for a high power device, 
such as the 12W LDMOS used in this measurement, the IF 
components generated are large. This is especially true o f  
IFI (twice the modulation frequency) and IF2 (four times 
the modulation frequency), the most significant base-band 
components. In order to actively load-pull these 
components; an ENI 240L 20 KHz to 10 MHz, 40W  linear 
power amplifier was used to amplify the signal from the 
arbitrary wave generators (AWG) as seen in fig 1. This 
integrated measurement architecture provides the ability to 
present, independently, specific impedances to the two 
significant IF frequency components, allowing for instance a 
constant IF impedance environment to be maintained across a 
wide IF bandwidth during two-tone excitation.
III. M E A SU R E M E N T  R ESU LTS
Active harmonic load-pull is a relatively simple concept and 
is effective in allowing the presentation o f specific loads to 
specific frequency components generated by a device [4], 
Presenting constant RF loads actively across wide 
modulation bandwidths is however extremely difficult in 
comparison, and fraught with complexity. For the 
measurements presented in this paper, input and output RF 
system impedances were established at 10 Ohms using 
broad-band 5:1 impedance transformers [5], while IF system  
impedances remained at 50 Ohms. To achieve IF 
impedances other than 50 Ohms active IF load-pull was 
employed to independently engineer different, frequency 
independent, impedance environments at the two significant 
IF components; IFI and IF2, defined in fig 2. Termination 
o f these frequency components into a short circuit would be 
desirable, particularly for tone-spacing ranging between 
1MHz and 10MHz. Fig 3 illustrates just how effective the IF 
load-pull is in maintaining a frequency independent IFI 
short circuit impedance. The observed variation is very
small and can be seen to be less than 0.07 magnitude and 
1.5 degrees in phase over the entire IF bandwidth. It is 
important to note that IF2 is not successfully load-pulled for 
modulation frequencies greater then 7MHz due to 
bandwidth limitations o f  the IF PA. This is highlighted in 
fig 3, which shows the significant variation in IF2 
impedance from the desired short circuit for frequencies 
from 8 M Hz to 10 MHz.
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The measured RF two-tone spectral power performance for 
the two cases o f  IF impedance, state 1, where 50D is 
presented to IFI and IF2 and state 2, where a short circuit is 
presented to IFI and IF2 is shown in fig 4. A typical 
behavior, 1:1 slope for the two tones and 1:3 for the IM3 
inter-modulation components, is observed over a power 
sweep o f  some 30 dB. In this case the tone-spacing is 5
MHz. The variation o f measured IM3 response as a function 
of IF impedance is clearly seen.
Fig 5 summarizes the IM3 behavior at these two different IF 
impedance states for different values o f tone spacing 
ranging between 1 and 10 MHz, at a single drive level 
(Pref), this power level corresponds to a point ldB  below  
the ldB compression point.
The behavior o f the two output tones (wj and w2) is clearly 
observed to be almost independent o f  both the tone spacing 
frequency and IF termination. In the IF impedance state 1 
the observed IMD3 response, while higher than the reference 
state 2, is found to be independent o f  tone-spacing. This 
result indicates that if a frequency independent constant 
base-band termination is utilized in the Power Amplifier 
drain bias network no modulation frequency sensitivity in 
IM3 response would be observed. However, in the case o f  
state 2, short circuit base-band terminations, modulation 
frequency independence was only observed between 4 and 7 
MHz.
It is important to note that IF2 is not load-pulled for 
modulation frequencies greater then 7MHz due to 
bandwidth limitations o f the IF PA. This variation in IF2 
impedance is considered to be the primary cause o f  the 
observed variation in IMD3 response above 7 MHz. This 
conclusion is consistent with observations made in previous 
work [1]. To confirm this interpretation the value o f the IF2 
impedance was varied while fixing the IFI at a short circuit. 
The variation o f IMD3 response versus IF2 impedance at 
5MHz tone spacing is shown in fig 6. This result clearly 
shows that variations in IF2 impedance, which is four times 
the modulation frequency, modify the levels o f  IM3 inter­
modulation components. Thus to achieve modulation 
frequency independent response the base-band impedance 
must be engineered to be frequency independent over a 
bandwidth that must be at least four times that o f  the 
modulation frequency. The results also indicated that there 
is an optimum IF2 impedance that minimizes the IM3 terms. 
A similar response is obtained if  the IFI impedance is 
varied while the IF2 impedance is held constant see fig 7. 
The frequency variation observed below 4 MHz is not 
related to variation in base-band impedance and thus must 
be associated with other memory sources; i.e. thermal, 
surface trapping, package parasitics.
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IV. C O N C L U SIO N S
This paper presents detailed two-tone modulated 
measurements using a combined RF-IF measurement 
system. These measurements clearly demonstrate how non­
ideal, frequency dependent, low-frequency base-band 
impedances w ill induce significant memory effects in high- 
power LDMOS Power Amplifiers. The results show that the 
bandwidth over which the base-band impedances must be 
controlled must be extended to at least four times the 
modulated bandwidth.
This important observation has large implications for 
m odem  PA linearisation techniques, as well as requiring 
careful consideration when designing PA bias networks. For 
applications utilizing wide modulation bandwidths this will 
becom e a serious design constraint.
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Reduction of Electrical Baseband Memory Effect in High- 
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Abstract—  The usual approach in minimizing electrical 
memory in PA design is to term inate base-band impedances 
into a broadband short circuit, usually provided in the form of 
an array of bypass capacitors attached close to the output 
terminal of the device. This paper investigates the validity of 
this approach and compares linearity performance under 
different IF impedance terminations. Active IF load-pull is 
used as a modulation-frequency independent means of 
engineering the significant low-frequency IF voltage 
components generated as a result of two-tone excitation. 
Selective IF loads are presented in order to probe device 
linearity as a function of IF  impedance. One significant 
observation is the existence of specific IF loads that result in 
the suppression of both IM 3 and IM 5 intermodulation 
components by more than 16dB and lOdB respectively, in 
comparison to the case of a conventional IF  short termination. 
These investigations are performed using a 20W LDMOS 
device characterised at 2.1 GHz within a purpose built, high- 
power measurement system.
I. In tro d u c tio n
One approach in developing understanding o f memory 
effects in microwave PAs is to analyze and control the most 
likely contributing factor: frequency-varying IF impedance. 
Previous work [1] employed passive IF load-pull in order to 
control the low-frequency impedances presented to the most 
significant IF components generated by a device. This 
approach however is restricted by a number o f factors: firstly 
the realizable reflection coefficients are limited by the 
presence o f significant losses associated with both the IF 
test-set and the physically long delay-lines necessary in 
realizing the required offset-short terminations. As a 
consequence, the minimum IF impedance realizable using 
this system at frequencies between 1MHz and 10MHz was 
approximately IQ., which represents a rather poor short 
circuit. This is especially true when considering the 
relatively low optimum output impedance o f  the high-power 
LDMOS device employed. Secondly, only one IF frequency 
component could be controlled at any one time. As a 
consequence, while engineering the most significant IF 
frequency component, the other IF components are 
terminated into arbitrary impedances, making results difficult 
to interpret. In this work, and for the first time at power 
levels relevant to base-station PA design, active IF load-pull 
has been used to offer fully independent control o f the
impedances presented to all the significant IF components 
generated by a 20W LDMOS device, thus overcoming all of 
the problems associated with the previously described 
passive approach. Using simple two-tone modulation, the 
IM3 and IM5 distortion products are measured as a function 
o f tone-separation and IF impedance. By using active IF 
load-pull to control IF output impedance, it can be shown 
that the measured IM3 and IM5 distortion terms are a strong 
function o f the IF impedance over bandwidths that are in 
excess o f four times the modulation frequency.
II. M ea surem ent  System
At the heart o f this investigation lies a novel, high-power 
modulated waveform measurement system that allows the 
observation and control o f all relevant frequency components 
(RF, IF and DC) [2] [3]. The developed measurement 
system is capable o f handling IF and RF power levels in 
excess o f 100W which makes it particularly relevant in the 
characterization o f devices used in mobile communications 
system base-station applications.
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Fig. 1. Schematic of the high power measurement system.
The measurement system itself is shown in fig 1 and 
consists o f two main entities: the RF test-set (upper level) 
and the IF test-set (lower level) which are identical both in 
terms of component architecture and principle o f operation. 
The architecture incorporates combined IF and RF 
capabilities allowing the collection o f all four traveling 
waves at both IF and RF frequencies. Recombination o f the 
coupled RF and IF components o f the signal prior to 
measurement is a key feature, and ensures phase coherence 
between measured IF and RF components. The system is 
fully vector-error corrected, and can therefore account for 
any errors introduced due to losses, mismatches and 
imperfect directivities in the system. This allows for the 
measurement of the complete modulated voltage and current 
waveforms and impedances that exist at the D UT plane.
Whereas the RF test-set is made up o f off-the-shelf 
components, it was not possible to source an IF bias 
insertion network that possessed the combined DC current, 
RF power and bandwidth capabilities required. It was 
necessary therefore to design and manufacture suitable bias 
networks ‘in-house’ to meet the required criteria, and to 
allow the measurements discussed in this paper. In addition, 
for a high-power device such as the 20W  LDMOS devices 
used in this measurement, the IF components generated are 
large. This is especially true o f IFi (twice the modulation 
frequency) and IF2 (four times the modulation frequency), 
the most significant base-band components. In order to 
actively load-pull these components; an ENI240L20 0.02- 
10MHz, 40W linear instrumentation PA was used to 
amplify the IF load-pull signal generated by the Arbitrary 
Waveform Generator (AWG). This integrated measurement 
architecture provides the ability to independently present 
specific impedances to the most significant IF frequency 
components, allowing for instance a constant IF impedance 
environment to be maintained across a wide IF bandwidth during 
two-tone excitation.
degree in phase. It is important to note that IF2 cannot be 
successfully load-pulled for tone-separations greater than 
6MHz, due to bandwidth limitations o f the IF PA. This is 
highlighted in fig 2, which shows a significant ‘outwardly 
spiraling’ variation in IF2 impedance from the desired 50Q, 
observed for frequencies from 7 MHz to 10 MHz.
Fig. 2. Measured IF! and IF2 vs. tone-separation at Z0=50fi.
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Fig. 3. Measured two-tone power sweeps for 2MHz frequency 
separation.
III. M EA SU R EM EN T R ESU LTS
Active harmonic load-pull is effective in allowing the 
presentation o f specific loads to specific frequency 
components generated by a device [4]. Presenting constant 
RF loads actively across wide modulation bandwidths is 
however extremely difficult in comparison, and fraught with 
complexity. For the measurements presented in this paper, 
input and output RF system impedances were established at 
10 Ohms using broadband 5:1 impedance transformers [5], 
while IF system impedances remained at 5 0 0 . For the first 
investigation, IFj was terminated into a short circuit while 
IF2 was terminated into 5 0 0  and the tone-separation varied 
between 1MHz and 10MHz. Fig 2 illustrates just how  
effective IF load-pull is in presenting and maintaining a 
frequency independent IFi short circuit impedance across 
the entire modulation bandwidth. The observed variation in 
load is very small and less than 0.03 magnitude and 1
Fig 3. presents the measured two-tone RF spectral power 
performance for the case where tone separation is 2MHz, a 
short circuit is presented to IFi and 50 O presented to IF2. 
This plot shows typical behavior: a 1:1 slope for the two 
fundamental tones and a 1:3 slope for IM3 inter-modulation 
components over a power sweep o f some 30 dB.
Fig 4 summarizes the IM3 and IM5 behavior for different 
values o f tone-separation ranging between 1 and 10 MHz, at 
a single drive level (Pref). This power level corresponds to 
a point approximately ldB  below the ldB compression 
point.
The behavior o f the two output tones (co( and 0)2) is 
clearly observed to be almost independent o f the tone- 
separation frequency The observed IMD3 and IMD5 
responses are found to be modulation frequency 
independent only between 4 and 7 MHz.
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however, it was found to be in a region identified as ‘Zone- 
1’ in fig. 7.
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Fig. 4. Measured fundamental and IM D power at different tone 
separations at a constant drive level.
Firstly, it is important to note that the observed variation 
in IM3 component magnitude observed below 3 MHz is 
considered not to be related to variations in base-band 
impedance, but more likely due to other sources o f memory 
such as thermal or surface effects. It is also important to 
remember that the IF2 impedance cannot be accurately 
controlled for modulation frequencies greater then 7MHz 
due to bandwidth limitations o f  the IF PA. The variation in 
IF2 impedance is considered to be the primary cause o f the 
observed variation in IMD3 and IMD5 responses above 7 
MHz, and this conclusion is consistent with observations 
made in previous work [1,6].
To further confirm and investigate this interpretation, the 
magnitude of IF2 reflection coefficient was maintained at 
unity and its phase varied while fixing the IFi impedance at 
a short circuit. Some indication o f the variation o f IMD3 
and IMD5 response as a function o f IF2 load is shown in fig 
5. In this case, a tone separation o f 2MHz was used, and the 
results clearly show that variations in IF2 impedance 
significantly modify the levels o f both IM3 and IM5 inter­
modulation components. Thus, to achieve a modulation 
frequency independent response, the base-band impedance 
must be controlled over a bandwidth o f at least four times 
the modulation frequency.
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Fig. 5. Measured IMD magnitude vs. phase o f  IF2 for 2MHz 
frequency separation with IF) held a constant short.
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Fig. 6. Measured IMD magnitude vs. phase o f IF) for 2MHz 
frequency separation with IF2 held a constant at 50Q.
IV. L o c a t i o n  o f  o p t i m u m  IF i m p e d a n c e  t e r m i n a t i o n
Initial measurement results clearly indicated that that 
there is an optimum IF2 impedance that is effective in 
minimizing IMD3 and IMD5 distortion terms, and suggests 
that there is a need to optimize the baseband impedance 
environment, rather than to just present short circuits [2] as 
is usually the case. In an attempt to further investigate this, 
the next investigation involved a similar approach where 
this time the IF2 impedance was fixed at a static 50£2, whilst 
the IF] impedance was varied, around the perimeter o f the 
Smith chart. The results o f this measurement are shown in 
fig 6. where it is clear that an optimum IF) impedance 
resided in a region between 225° and 270°. Further 
‘probing’ measurements suggested that the optimum load 
was not actually located at the edge o f the Smith chart
Fig. 7. Phase sweep o f  IF) while IF2 kept constant at 90° degree.
The investigations in Zone-1 were done whilst keeping 
the IF2 load fixed at the earlier identified optimum, see fig. 
5, o f rL[F2= lZ 9 0 °»  also shown in fig 7. A reduction of  
approximately 13 dB in IMD3 was observed within this 
region, albeit at the expense o f significant increase in IMD5 
o f approximately 12 dB. This is in comparison to the
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previous case where the IF] load was maintained at
p L =1Z270° a°d IF2 to Fl[F2 = 1Z 900 jt should be noted 
that with regard to Figure 5 the variation in Phase o f IF2 
(load) has a small impact on IM3 but has an extremely 
strong influence on IM5. The optimum IF2 load 
(rL ^ = lZ 9 0 °) has resulted in minimum IM3, however, The 
IM3 degradation is only around 3 dBm at IF2 o f  225 degrees. 
But from IM5 point o f view , the optimum IF2 phase would 
be approximately between 225 and 270 degrees where IM5 
value has improved by almost 20 dBm. Therefore, it would 
be logical to move IF2 phase toward 225°. Further analysis 
showed that by moving and then maintaining IF] load 
constant within an experimentally determined different zone 
of the Smith chart (Zone-2) and keeping IF2 phase close  
enough to that Zone (-2 2 5 °), IM D3 and IM D5 distortion 
products could be simultaneously reduced by more than 10 
dB. Again, this is in comparison to the previous case where 
the IF] load was maintained at F lifi= 1Z 2700 anc* IF2 to
rLIR= lZ 9 0 0 .
To confirm that Zone-2 was indeed the optimum  
termination for IF], for the high power 20W  LDMOS used, 
regardless of the modulation frequency and the power level, 
it was decided to perform an extra measurement in which 
the input power was swept for two different tone 
separations, o f 1 and 2 MHz.
The measured spectral power performance for the case 
where the IF! load resides within Zone-2 and IF2 load is 
brought close to Zone-2 as well is shown in fig 8. Once 
again, a typical behaviour o f 1:1 slope for the two tones and 
1:3 for the IM3 inter-modulation components is observed 
over a power sweep o f some 10 dB. The behaviour o f the 
two fundamental output tones (C0i and CO2) and IMD3 is 
clearly almost independent o f the tone-separation frequency 
at input power equal or grater than the compression point. 
With regards to the magnitude o f inter-modulation products 
IMD5l and IMD5H, they are found to be very close to the 
lower dynamic range o f the measurement system, resulting 
in noisy measurements at low  drive levels.
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Fig. 8. Measured two-tone power sweeps for 1 and 2MHz 
frequency separation inside zone 2.
Conclusively, terminating the IF( and IF2 component into 
Zone-2 impedance provided the best overall linearity, where 
both IMD3 and IMD5 were found to improve by
approximately more than 16 dB and 10 dB respectively in 
comparison to the case o f a conventional IF short 
termination. It is worth noting that when comparing IMD 
for terminations o f IFi 2-Zone-2 and IF]-short-circuit with 
IF2 50Q (see Fig. 4), at equal input drive level o f 18dBm 
(see Pref in Fig. 3), an improvement o f more than 20dB is 
achieved for IMD3L and IMD3H, and more than 16 dB in 
case of IMD5L and IMD5H.
V. C O N C LU SIO N S
This paper presents detailed two-tone modulated 
measurements using a combined RF-IF measurement 
system. These measurements clearly demonstrate how non­
ideal, frequency dependent, low-frequency base-band 
impedances will induce significant memory effects in high- 
power LDMOS Power Amplifiers. The results show that 
the bandwidth over which the base-band impedances need 
to be controlled must be extended to at least four times the 
modulated bandwidth. The results also highlight optimum 
IF impedance terminations that minimize overall in-band 
distortion. This important observation has significant 
implications for modem PA linearisation techniques, as well 
as requiring careful consideration when designing PA bias 
networks. For applications utilizing wide modulation 
bandwidths this will become a serious design constraint.
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